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Abstract 
The use of thermal barrier coatings (TBCs) allows advanced gas turbine engines to 
operate at a temperature higher than the incipient melt temperature of the 
superalloy from which the engine components are made, thereby enhancing the 
performance and efficiency of the engine. However, delamination cracks initiated 
in these coatings during service limit their applications. 
This investigation analysed the effects of thermal cycling on the structure, thermo-
mechanical properties and lifetime of Ni-based superalloy samples coated with a 
TBC. The results indicate that the coating system exhibits substantial changes 
during its life, with the thermo-mechanical properties of the TBC layers being 
highly sensitive to temperature and cyclic oxidation.  
The current study also presents a new finite element model that describes the 
evolution of the stress state within a thermal barrier coating subjected to thermal 
cycling loading. This computational framework was used to identify the optimal 
design parameters through a newly proposed sensitivity index, so that TBCs can be 
engineered with improved lifetime.  
Photoluminescence piezo-spectroscopy has been used to identify non-destructively 
the onset of microcracks and monitor their propagation through a proposed local 
damage factor that combines spectral shape evolution with peak shift. The 
computational spectral simulation was based on coupling the finite element model 
for the calculation of stress with an external routine for the prediction of 
luminescence spectra.  
A new non-destructive multi-sensor diagnostics procedure based on the 
combination of imaging- and laser-based techniques was presented. It has been 
demonstrated that it can accurately determine the remaining life of high-
temperature coatings, and therefore it represents an important development 
direction for improving the reliability of TBCs.  
It is concluded that the results obtained in this research were quite satisfactory, 
which suggests that further model development and field testing of the non-
destructive methodology are warranted for predictive failure assessment of thermal 
barrier coating systems. 
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Chapter 1: Introduction 
Advanced gas turbine engines for propulsion and power generation employ 
thermal barrier coatings (TBCs) to reduce the surface temperature and prolong 
the lifetime of the hot-section metallic components, such as turbine blades, 
combustor cans, ducting and nozzle guide vanes. TBCs have become a critical 
technology for improving performance at elevated temperatures of gas turbines in 
order to meet the rapidly increasing demands for higher fuel efficiency and greater 
thrust, by allowing higher combustion temperatures up to 170 ºC and reduced 
cooling air flow (1). Further new applications concern components for glass-melting 
furnaces and diesel engines, such as heat exchangers and valves, which have to be 
protected against high temperature and hot gases (2). 
TBCs are multilayered systems consisting of a ceramic top coat, typically YSZ 
(ZrO2 stabilized with 7-8 wt.% Y2O3) for thermal insulation due to its low thermal 
conductivity, a thermally grown aluminum oxide (TGO) scale formed during high 
temperature operation that provides oxidation resistance, a metallic bond coat with 
a chemical composition formulated to result in growth of a stable TGO over the life 
of the system, and a superalloy substrate (3). A schematic of the TBC system is 
shown in Figure 1. 
 
Figure 1 - Schematic of a TBC coating system (1) nickel-base superalloy substrate, (2) bond 
coat, (3) thermally grown oxide (thickness exaggerated), and (4) columnar yttria-stabilized 
zirconia top coat 
One of the most essential requirements for advanced TBC materials of gas turbine 
engines is phase stability at extremely high operation temperatures (~1300 ºC) (4). 
The most promising materials for TBC applications, therefore, are those with high 
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melting temperature, low thermal conductivity, compatible coefficient of thermal 
expansion with the metallic bond coat and substrate, chemical inertness, in 
addition to phase stability (5). 
From the past two decades the YSZ has been the most successful TBC material 
owing to its combination of low intrinsic thermal conductivity (~2.1 W/m∙K at 1000 
≤ T ≤ 1200 ºC) (6), its thermo-chemical compatibility with the underlying TGO, and 
its durability to thermal cycling (7). 
However, a major disadvantage of YSZ is the limited operation temperature of 
1200 ºC for long-term application. The YSZ top coat is desirably composed of the 
metastable, tetragonal-prime ZrO2 phase (t’-ZrO2). The t’-ZrO2 phase, that is 
typically achieved due to rapid quenching during the YSZ coating processing, helps 
prevent the disruptive phase transformation to equilibrium phases of monoclinic 
(m) and cubic (c) ZrO2 (t’ → t + c → m + c) during thermal cycling. Nevertheless, 
above 1200 ºC phase transformation from the t’-tetragonal to tetragonal and cubic 
(t + c) and then to monoclinic (m) can occur. The volume change associated to the 
monoclinic transition promotes cracking, leading the TBC system to spallation and 
catastrophic failure (8). Moreover, the sintering-induced volume shrinkages would 
degrade the microstructure of the coating, decrease the insulating efficiency and 
increase its elasticity modulus, which in turn reduces the favourable strain 
tolerance of the coating (9). Another primary concern relative to YSZ arises from its 
propensity for penetration of air-ingested calcium-magnesium-alumino-silicates 
(CMAS), especially in aircraft engines that operate in a dust-laden environment. 
These aggressive compounds can deposit, melt and degrade the strain tolerance of 
the coating, and accelerate its destabilization (t’ → t + c → m + c) (10). 
In the next generation of advanced engines, further increase in thrust-to-weight 
ratio will require even higher gas turbine inlet temperatures passing well beyond 
1600 ºC. Hence, it has motivated a search for alternate TBCs with even lower 
thermal conductivity, higher operation temperature, better sintering resistance 
and phase stability at even higher temperature for future improvements in 
engine’s performance. Several compositions are currently studied, however, so far 
no composition which realizes a better compromise than YSZ in all the relevant 
thermo-mechanical properties demanded to TBC materials has been found (11).   
The TBCs currently in use rely on both the low thermal conductivity of the YSZ 
composition and the presence of porosity of various morphologies and length scales 
within the coating to provide an effective barrier to heat transport from the hot gas 
to the underlying bond-coated substrate (12). Another very important role of these 
pores is to increase the in-plane compliance of the YSZ and enhance its tolerance to 
strains arising from its thermal expansion mismatch with the substrate during 
thermal cycling (13). 
The YSZ coatings are generally deposited either by atmospheric plasma spraying 
(APS) of molten droplets after complete melting of the injected powders to the 
plasma or electron beam physical vapour deposition (EB-PVD) through complete 
evaporation of the injected feedstock. However, each of these processes has its pros 
and cons. APS achieves relatively low thermal conductivities owing to the unique 
splat-layered coating structure together with its high-speed deposition 
characteristics (14). In contrast, the EB-PVD process is known to be superior to 
APS as it generally produces longer thermal cycle lifetimes, high strain tolerant 
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and excellent thermal shock resistance coatings with typical columnar 
microstructure, although several drawbacks are recognized such as relatively high 
thermal conductivity and low deposition rate (15). 
The TGO scale, which forms between the YSZ top coat and the metallic bond coat, 
acts as a diffusion barrier to suppress the formation of other detrimental oxides 
during extended thermal exposure in service, thus helping to protect the substrate 
from further oxidation and significantly influencing the durability of TBCs (16). 
The thickness of the TGO increases with the thermal exposure time following a 
parabolic law, therefore influencing the stresses within the YSZ coating, TGO and 
the interface of TGO/BC (17). Moreover, the constituents of the TGO exert different 
influences on the thermal fatigue behaviour. A uniform and dense α-Al2O3 scale is 
desirable for its low growth rate and insolubility within YSZ. Depletion of Al in the 
bond coat during thermal cycling results in the formation of other oxides like 
Cr2O3, NiO and spinel that is usually stoichiometrically expressed as 
(Ni,Co)(Cr,Al)2O4. Among these oxides, α-Al2O3 exhibits a better adhesion to the 
YSZ coating, while the other three oxides (generally referred as mixed oxides) have 
a higher growth rate, which easily introduces a high level of stress in the TBC 
system, and lack capability in antioxidation. Thus, the presence of the mixed oxides 
has a deteriorative effect on the durability of TBCs (18). 
The bond coat is primarily designed as a local Al reservoir for facilitating the 
formation of α-Al2O3, a reaction product of Al with O2 from the air, as the protective 
TGO scale. It also provides a rough surface for mechanical bonding of the ceramic 
top coat (19) and reduces the coefficient of thermal expansion (CTE) mismatch 
between the substrate and top coat materials (20). 
Two main types of BC systems are commonly used: diffusion and overlay coatings. 
Diffusion coatings, such as B2 Pt-modified nickel aluminide (NiPtAl), are formed 
by electroplating a thin layer of Pt on the superalloy surface and aluminizing the 
structure, typically by either chemical vapour deposition (CVD) or pack 
cementation (21). MCrAlYs (M = Ni, Co, NiCo or Fe) are the second type of 
commonly used bond coats, often referred to as overlay coatings. An advantage of 
overlay coatings is that specific composition can be placed on the superalloy surface 
without significant initial interdiffusion. Overlay coatings are typically deposited 
by thermal spraying techniques like low pressure plasma spraying (LPPS), high 
velocity oxy-fuel (HVOF), conventional atmospheric plasma spraying (APS), and 
vacuum plasma spraying (VPS) (22). The coatings can also be deposited by 
sputtering or evaporation, however for industrial applications, thermally spraying 
coatings are normally preferred. VPS represents the state of the art technology for 
the industrial bond coat deposition. HVOF and APS spray systems operate at 
atmospheric pressure, and thus, the investment and operation costs are much 
lower than the vacuum operating VPS. The lower cost involved makes it more 
interesting to spray the bond coats by HVOF or APS (23). In MCrAlY systems, the 
BC microstructure generally consists of B2 β (NiAl) and γ (Ni solid solution) phases, 
although γ’ (Ni3Al) and (Cr, Co) α phases have been additionally shown to exist. 
Various dopants (e.g. Y, Hf and Si) are regularly added to this type of BC to 
improve the adhesion of the TGO, primarily by gettering interface embrittling 
elements such as sulphur that diffuse up from the superalloy and suppression of 
the outward oxide scale growth (24). 
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Diffusion coatings such as Pt-aluminides typically fail due to rumpling of the TGO 
which causes deformation of the soft underlying BC, resulting in cracking along the 
TGO interfaces (25). The failure mechanism in the MCrAlY system is less well 
understood because the TBC ceramic top layer often fails catastrophically by large-
scale delamination. The dominant delamination mode consists on the separation 
along the interface between the TGO and BC after cyclic thermal exposure. 
Because of the catastrophic character of the final failure, it is challenging to study 
the early stages of crack initiation and propagation in MCrAlY systems (26). 
It is well known that the thermal and mechanical properties of TBCs depend 
critically on the microstructure of the coatings, the temperature and the thermal 
cycling conditions during engine operation. Still, there is a lack of experimental 
data available in literature on the evolution of the TBC properties during high 
temperature coating exposure. Therefore, a number of experimental studies have 
been carried out for better understanding the progress of the properties of a TBC 
system submitted to thermal cycling. 
Reliable TBC lifetime is crucial to ensure that the gas turbine components will 
operate over their design lifetime. Residual stresses originate from large 
temperature differences and are divided into two main groups, quenching and 
thermal stresses. Quenching stresses develop during coating deposition when the 
semimolten particles strike to the relative colder substrate surface, resulting in a 
drastic temperature drop. Thus, these semimolten particles try to contract over the 
underlying metal, where the substrate restricts them, so tensile stresses will 
develop within the coating material. The thermal stresses generate while the whole 
TBC system cools down to room temperature during cyclic thermal exposure, and 
are a consequence of differences in the coefficients of thermal expansion between 
the superalloy, bond coat, TGO and ceramic top coat. The residual stresses can be 
large enough to initiate interface cracks. Cyclic application of thermal loads can 
cause these cracks to propagate resulting in delamination/spallation of the coating 
and loss of thermal protection to the substrate (27). 
A Finite Element Model (FEM) was developed to evaluate the stresses induced 
by the thermal cycling in a typical TBC system. The thermo-mechanical model of 
this multi-layer system takes into account the effects of the thermal and 
mechanical properties, morphology of the top coat/bond coat interface and volume 
growth of the TGO on the local stresses that are responsible for microcrack 
nucleation during cooling, especially near the metal/ceramic interface. A 
parametric analysis was performed to predict the effect of several parameters on 
the stress distribution and the subsequent delamination of TBCs during thermal 
cycle loading. This investigation provides valuable information for the failure 
assessment of thermal barrier coatings and at the same time reveals the 
robustness of the proposed finite element methodology to treat this class of 
problems. 
The series of crack initiation and propagation events that limit the lifetime of TBCs 
usually takes place near or in the TGO layer. Therefore, TBC lifetime is related to 
the accumulation of stored elastic energy and damage in the TGO region during 
cyclic straining and oxidation (28). The residual stress in the TGO is an important 
measurable variable, not only because the stored energy in the TGO is a major 
contributor to the driving force for coating failure, but also the TGO stress can be 
relaxed by several interface processes such as bond coating creep, TGO rumpling 
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and local damage (29). Monitoring the residual stresses in the TGO can provide 
much useful information regarding the degradation and failure mechanisms of the 
TBC system and ultimately lead to coating improvement.  
Stress in the oxide scale can be measured by X-ray diffraction (XRD) (30) and 
photoluminescence piezo-spectroscopy (PLPS) (31). PLPS has become popular 
for measuring the residual stress in alumina, because PLPS is not only a non-
destructive technique, but also offers excellent spatial resolution (32). It is well 
established that the residual stress in the TGO can be measured according to the 
Cr3+ luminescence peak shifts (33). Changes in the spectral features, such as peak 
splitting and severe peak overlap, have been observed in connection with TBC 
degradation. It has been recognised that these luminescence spectral features can 
be more reliable as a measure of damage than peak shift alone (34). However, no 
systematic studies have been reported regarding spectral shape evolution with 
TBC system degradation. In the current research, finite element modelling was 
employed to simulate the PLPS spectral evolution with thermal cycling, in order to 
identify the most significant spectral shape changes that can be related to the 
formation of damage in or near the TGO. 
Stress mapping by spot analysis using PLPS is ineffective for monitoring damage 
over significant areas, and therefore laser-based methods cannot be used alone as a 
reliable diagnostic tool to identify the severity and location of degradations within 
the TBC. Imaging-based methods are preferred to achieve greater inspection 
coverage at shorter acquisition times. Given that TBCs are relatively transparent 
to mid-infrared radiation, in this work several imaging techniques were chosen to 
investigate non-destructively the condition of the ceramic/bond coat interface 
during a variety of simulated service times at an appropriate elevated 
temperature. These imaging methods penetrate through the ceramic layer to 
monitor the progression of the buried microcracks during thermal cycling that 
ultimately lead to TBC failure (35). Since spallation is the continuous evolution of 
damage in the TBC, the microcracks increase in number and size with thermal 
exposure. Then, the microcracks coalesce to form more uniform and continuous 
gaps in the ceramic/bond coat interface, leading to delamination of the YSZ layer. 
So, by observing the evolution of the microcracks embedded in the TBC, these 
imaging techniques can lead to diagnostics that predict the failure of turbine blade 
coatings, which would allow TBC replacement to be based on non-destructive 
assessment rather than on a fixed timetable (36). 
The primary object of this study is to improve the understanding of the critical 
factors affecting the lifetime of TBCs applied on the turbine blade surfaces by 
means of a new sensitivity parameter proposed in this work that compares the 
finite element computations. A second objective is to develop a non-destructive 
procedure for health monitoring of TBCs using laser and imaging techniques that 
can be used to accurately predict the remaining life of the coatings and to warn of 
spallation conditions.  
In what follows, Chapter 2 reviews the relevant findings on thermal barrier 
coatings. Then, Chapter 3 presents the results from the experimental 
determination of the thermal cyclic evolution of the thermo-mechanical properties 
of the same batch of TBC samples supplied by an industrial partner. The numerical 
parametric studies for the development of the stress state during the life of the 
TBC are discussed in Chapter 4. Chapter 5 describes the simulated changes in 
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the PLPS spectral features during TBC service life using a computational approach 
and the more sensitive parameters indicative of early interface degradation and 
defect formation are assessed by a newly proposed local damage factor. Chapter 6 
details a multi-sensor diagnostics procedure that merges PLPS with an imaging-
based non-destructive method to provide valuable information for lifetime 
prediction of thermal barrier coatings. Finally, Chapter 7 presents some general 
conclusions. 
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Chapter 2: Thermal Barrier 
Coatings 
2.1. Introduction 
In order to reduce the fuel consumption of aircraft and industrial turbine engines, 
every aspect of the total efficiency of the engine is optimized. Figure 2 is a 
schematic of the key elements of an aircraft gas turbine, with the pressure and 
temperature profiles presented along the gas path from air intake to exhaust.  
 
Figure 2 - A gas turbine engine schematic, showing the different sections along the engine 
along with corresponding pressure and temperature profiles (courtesy Rolls-Royce 
Corporation) 
An increase of thermal efficiency in gas turbines is directly connected with a high 
gas inlet temperature which, therefore, leads to increased thermal loads on the 
materials used for turbine components. So, in recent decades, the challenge has 
been to increase operating temperature to a maximum without overheating the 
metallic parts during engine service. There is no single material that can 
withstand the combination of thermal, mechanical, erosive and corrosive stress in 
an according environment for component temperature exceeding 1200 ºC (37). In 
addition, the amount of air that can be used for cooling in high-performance 
engines is limited (38).  
Thermal barrier coating (TBC) systems are of high technological interest since they 
are widely used to protect airfoils within the hottest sections of gas turbine engines 
from the high temperature aggressive conditions, as well as to provide 
environmental protection. Their benefits are achieved by inhibiting the airfoil 
degradation mechanisms caused by the high combustion temperature, allowing an 
increase in the inlet temperature with a consequent improvement in efficiency and 
performance or a reduction in the cooling air requirements (39). 
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The state-of-the-art TBC systems (Figure 3) have four components (40): 
i. A load-bearing Ni-base superalloy substrate. 
 
ii. A 75-150 µm thick MCrAlY (M = Ni, Co, NiCo or Fe) or Pt-modified nickel 
aluminide (NiPtAl) bond coat deposited on the airfoil to provide oxidation 
and hot corrosion protection, and to promote YSZ adhesion to the Ni-alloy 
substrate. 
 
iii. A thermally grown oxide (TGO) layer consisting largely of dense α-Al2O3 
that grows at the top coat/bond coat interface during high temperature 
operation, due to oxygen transported through the top coat by diffusion 
through the connected porosity or ionic conduction, which results in a slow 
bond coat oxidation rate and an enhanced overall TBC lifetime.  
 
iv. A 100-200 µm thick oxide ceramic top coat usually consisting of porous 
yttria stabilised zirconia (YSZ) deposited by either air plasma spraying 
(APS) or electron-beam physical vapour deposition (EB-PVD). It has a low 
thermal conductivity (EB-PVD 2.0-2.2 W m−1 K−1; APS 0.8-1.5 W m−1 K−1) to 
retard thermal transport to the airfoil, therefore insulating the underlying 
metallic bond coat and superalloy component from the hot gas temperature. 
Consequently, the temperature of the metallic part can be reduced by up to 
about 150 ºC-170 ºC, which combined with internal cooling can protect the 
components from hot damage such as melting, creep deformation, oxidation 
and corrosion. 
 
Figure 3 – Cross-section an airfoil and a schematic of the TBC system with each layer 
identified 
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TBC systems have been applied in high temperature components of various gas 
turbines (Figure 4) for aircraft propulsion, power generation, and marine 
propulsion (41). In automotive use, the piston head of diesel engines is coated to 
enhance its lifetime and performance, so that a reduction in fuel demand and an 
improvement in power can be achieved (42). 
 
Figure 4 - Schematization of a jet engine showing the location of the turbine blade and a 
cross-section of the TBC system 
These coatings, nevertheless, tend to spall from the metallic substrate after a 
certain period of service at high temperature. During operation, the YSZ layer, 
intentionally created to be slightly porous to maintain its integrity during thermal 
expansion and contraction, is penetrated by air, creating a thermally grown oxide 
of alumina, and consequently internal stress, between the BC and the YSZ. Stress 
levels are further increased during thermal cycling of the TBCs due to thermal 
mismatches among the bond coat, TGO, and YSZ. This mismatch creates voids in 
the YSZ coating and interfacial cracks, which would eventually lead to 
delamination of the YSZ and failure of the coating and part (43), if the part was not 
taken out of service and re-coated. The failure of thermal barrier coatings is taken 
very seriously due to the potential for performance degradation and the 
catastrophic threat to safe operating conditions (44). 
Hence, while increasing thermal insulation capability of TBCs has been pursued by 
a large number of researchers (45), another concern is its long-term durability and 
reliability. With increasing turbine inlet temperature and hostile environment 
filled with oxygen and various contaminants, the spallation of the coating will 
accelerate the structural components damage by melting, creep, oxidation, thermal 
fatigue, hot corrosion, etc. Therefore, TBC spallation mechanisms and lifetime 
prediction methods are currently been extensively investigated (46) and they 
constitute the main topic addressed in the present work. 
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2.2. Superalloy Substrate 
Since the invention of gas turbine engines in the early 20th century, engineers have 
continuously sought to improve efficiency, initially for fuel economy to lower 
operating costs, and more recently to reduce CO2 emissions due to increasing 
environmental concerns. The fuel economy and therefore the carbon dioxide 
emissions depend acutely upon the temperature of the hot gas stream which passes 
over the turbine blades, whose primary function is to extract energy from it to drive 
the shaft connected to the fan/compressor arrangement, thus enabling thrust to be 
developed (47).   
The efficiency, 𝜀, of a heat engine is given by the following equation (48): 
𝜀 = 𝑇2 − 𝑇1
𝑇2
 
Equation 1 
𝑇2: operating temperature 
𝑇1: sink temperature 
Thus an increase in 𝑇2, i.e. in turbine entry temperature (TET), results in an 
increase in efficiency of the engine. 
Nickel-based single crystal superalloys are the material of choice for these 
applications, on account of their superior mechanical strength in creep and fatigue 
(49). The nominal composition (wt.%) of some of the most common Ni-based 
superalloys used in the metallic components – vanes and blades – of today’s 
turbines are shown in Table 1. 
Superalloy Ni Cr Co W Mo Ta Al Ti Fe C Hf 
Inconel 718 Bal. 17.2 1.0 0.2 3.0 − 0.4 1.0 18.2 0.03 − 
Inconel 738 Bal. 15.8 8.1 2.5 1.8 1.9 3.4 3.6 − − − 
CMSX 4 Bal. 6.5 9.0 6.0 0.6 6.5 5.6 1.0 − − 0.1 
René N5 Bal. 7.0 7.5 6.0 1.0 6.2 6.2 1.0 − − 0.05 
PWA 1484 Bal. 5.0 10.0 6.0 2.0 9.0 5.6 − − − 0.1 
Hastelloy X Bal. 22.6 1.5 0.5 8.5 − 0.3 − 18.3 0.06 − 
Nimonic 80 Bal. 20.0 − − − − 1.2 2.3 3.0 0.1 − 
DSM11 Bal. 14.0 9.5 3.8 1.5 2.8 3.0 4.9 − 0.1 − 
DZ125 Bal. 8.9 10.0 7.0 2.0 3.8 5.1 1.0 − − − 
AM1 Bal. 7.5 6.5 5.5 2.0 8.0 5.3 1.2 − − − 
CM247LC Bal. 8.0 9.4 9.5 0.5 3.2 5.7 0.7 − 0.07 1.5 
AE 437A Bal. 20.0 − − − − 1.0 2.5 0.07 0.04 − 
K465 Bal. 8.8 9.6 10.5 1.5 − 5.5 2.5 − 0.18 − 
C263 Bal. 20.0 20.0 − 6.0 − 0.5 3.0 − 0.6 − 
Table 1 - Superalloy nominal composition (wt.%) (50) 
The operating conditions for these superalloys are noticeably demanding. During 
the initial part of the flight cycle, it is quite usual for the temperature of the gas 
stream to exceed the melting temperature of the superalloys used for the blade. 
Then during high-altitude cruise the airfoils operate at temperatures of about 1000 
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ºC with short-term peaks above 1100 ºC, close to 90% of the alloy melting point. In 
the next generation of advanced engines, further increases in thrust-to-weight ratio 
will require even higher inlet gas turbine temperatures, which mean the surface 
temperatures of the components will increase (51). 
In order to meet this ambitious goal, three major methods can be used (52): 
1. Alloy design: of new and more advanced superalloys, but their melting point 
and oxidation/corrosion resistance clearly marks the limit for further 
development. 
2. Active air cooling: a protective blanket of cooling air is ejected onto the 
external surface of the turbine blade, from internal passages within the 
airfoils. It requires an exceptionally complex structure with flow passages 
and sets of small holes in the blades where air bled from a matching stage of 
the compressor is directed through the blade and over the surface. However, 
excessive internal and external cooling will be harmful to the overall 
thermal efficiency and performance of the engine. 
3. Thermal barrier coatings: have played a major role in metal temperature 
reduction of blades and vanes, since they were first used on the hot section 
of jet engines in the 1970s and are now also a common feature on power 
generation engines. TBCs allow these components to withstand TETs that 
can exceed their melting point and achieve acceptable lifetimes, by 
providing both thermal insulation and oxidation protection. Today’s ceramic 
insulated layer alone is credited with reducing metal temperatures as much 
as 165 ºC (Figure 5). Therefore, the exploration of new generations of 
advanced ceramic TBCs with much lower thermal conductivity constitutes 
the most feasible and economic way to allow gas turbine inlet temperatures 
passing well beyond 1600 ºC. 
 
Figure 5 - Temperature reduction across the TBC system on an air-cooled gas turbine 
engine component (courtesy GE Aircraft Engines) 
Traditionally, nickel-based superalloys have been designed with their mechanical 
properties in mind, particularly creep and fatigue. The design requirements of 
these superalloys are now evolving, consistent with the need for the metallic 
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substrate to work cooperatively with the ceramic top coating and the bond coat. 
Therefore, a significant challenge exists nowadays to design the materials system 
(substrate, bond coat and insulating coating) for which the constituent materials 
are able to operate in an optimum way. This is because it is claimed that a 1% 
improvement in engine efficiency through the use of TBC technology can save 
something like $20 million in fuel costs over the lifetime of a typical industrial gas 
turbines (53). 
2.3. Bond Coat 
The bond coat underneath the thermal barrier ceramic coating has two major 
functions: 
i. improve the bonding between the substrate and the top coat; 
ii. protect the substrate from corrosion and oxidation. 
During the coating processing or during engine service, aluminum in the BC acts 
as a reservoir and diffuses outward to form an Al2O3 scale that provides the 
adhesion between the BC and the TBC and protects the superalloy substrate from 
oxidation. The BC also behaves as a compliant layer and reduces the thermal 
expansion coefficient mismatch between the ceramic topcoat and the superalloy 
substrate. 
Additions of large amounts of aluminum in structural alloys (greater than about 6 
wt.%) to form the protective alumina scale can adversely affect the mechanical 
properties of the substrate. Furthermore, additions of refractory elements such as 
tantalum, tungsten, and rhenium in advanced alloys systems are made at the 
expense of aluminum. Bond coats, on the other hand, can contain large amount of 
aluminum, because they do not have to provide structural strength to the engine 
components.  
Two types of bond coats are frequently used: 
a. a diffusion platinum-modified aluminide coating that can contain up to 
30 wt.% aluminum;  
b. thermal spray overlay MCrAlY coatings where M is Fe, Ni, Co or their 
mixture and contain 10 to 12 wt.% aluminum.  
The choice of the adequate bond coat depends on the deposition technique used for 
the top coat. 
 Standard MCrAlY bond coats for APS top coats are thermally sprayed – 
vacuum or atmospheric plasma spraying (VPS/APS), or high-velocity oxygen 
fuel spraying (HVOF). These coatings have typically high roughness (Ra > 6 
µm) to guarantee an excellent bonding between the substrate and top coat.  
 For EB-PVD top coats, either smooth MCrAlY bond coats or Pt-aluminide 
coatings with low roughness (Ra < 2 µm) are used. 
High-temperature coatings based on the single-phase intermetallic compound β-
(Ni,Pt)Al are used extensively to protect the components in gas turbine engines 
against oxidation, due to its low density and excellent oxidation resistance in 
comparison to other high-temperature structural materials (54). Pt-modified 
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aluminide coatings ensure the protection of nickel-based superalloys from 
oxidative gases at gas temperatures up to 1400 ºC, and are mainly used for aero 
and industrial gas turbine blades (55).  
Al is the main element of the Pt-modified aluminide coating layer. During cyclic 
oxidation, Al is oxidized to form the protective scale α-Al2O3. As a result, Al is 
depleted and the coating is degraded. The stability of this coating in an oxidative 
environment is enhanced by the presence of Pt (56). Pt greatly affects diffusivities 
which play a key role in extending TBC lifetime because the coatings are 
constantly evolving at high temperatures by processes such as diffusion (57). Al 
diffuses through the BC to the TGO/BC interface to form alumina, but if Al levels 
at the interface become too low, Ni-rich oxides form. Since Ni-rich oxides are brittle 
and fast-growing, their formation induces more rapid failure of the TGO. Oxidation 
experiments have shown that adding Pt to the BC prevents the formation of these 
Ni-rich oxides on NiAl alloys with Al levels at which they form on pure NiAl bond 
coats (58). 
Diffusion of Ni and Al in NiAl occurs via a vacancy mechanism since the large sizes 
of these atoms prohibit interstitial migration. The diffusion constant, 𝐷, for Al 
diffusion in NiAl has an Arrhenius dependence on temperature: 
𝐷 = 𝐷0e�− 𝑄𝑘B𝑇� 
Equation 2 
𝐷0: constant 
𝑄: activation energy 
𝑘B: Boltzmann's constant (8.617 × 10-5 in eV K−1) 
𝑇: temperature 
The activation energy 𝑄 for a vacancy mechanism consists of the energy required 
for the atom to migrate (𝐸m) and the defect formation energy (𝐸d) for the initial 
defect to form. In order for an atom to migrate from one lattice site to another, a 
vacancy must first be formed on the desired lattice site (59). 
Bulk β-NiAl has a CsCl structure that consists of two interpenetrating simple cubic 
lattices. At the stoichiometric composition, all of the Ni atoms are on one sublattice 
while the Al atoms are on the second sublattice. Deviations from stoichiometry are 
accommodated by the formation of point defects, of which four are possible in NiAl: 
Ni vacancies, Al vacancies, Ni antisites and Al antisites. While a vacancy is simply 
the absence of an atom on its sublattice, an Ni antisite defect occurs when an Ni 
atom sits on the Al sublattice and an Al antisite defect occurs when an Al atom sits 
on the Ni sublattice. The β phase of NiAl can occur for a wide range of compositions 
around stoichiometry due to the formation of point defects. In Ni-rich NiAl, Ni 
antisite atoms are the dominant constitutional defect, and in Al-rich NiAl, Ni 
vacancies form (60).  
When Pt is added to NiAl, the preference for Pt to form a substitutional defect on 
the Ni sublattice over the Al sublattice is very strong (61). Pt has a larger atomic 
radius compared to Ni, therefore producing larger strain on the lattice when Al has 
to pass by a Pt atom rather than an Ni atom. So, the migration energy increases 
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when the Al atom must pass by the Pt atom. On the other hand, as a result of this 
local Pt-Al repulsion in NiAl, Pt stabilizes Al vacancies decreasing their formation 
energy, because the Pt atom would rather sit next to a vacancy than an Al site.  
This means that the increase in migration energy is thereby offset by the decrease 
in defect formation energy, and the overall activation energy for Al diffusion to 
occur by a vacancy mechanism decreases with the addition of Pt. Since Pt enhances 
the diffusion of Al to the TGO/BC interface, the Al levels remain high enough so 
that the alumina formation is continued. The formation of brittle, fast-growing Ni-
rich oxides is then suppressed, which helps to increase TBC lifetime, as the 
presence of these oxides lead to early failure of the coatings (62). 
The Pt-modified aluminide coating is fabricated by depositing 5-10 µm Pt on the 
superalloy substrate through the electroplating method. The coated substrates are 
then annealed at around 1000 ºC for a few hours in an Ar + H2 gas atmosphere to 
promote diffusion of the electroplated platinum. An Al pack cementation process is 
subsequently carried out, where the annealing substrates are embedded in a 
mixture containing Al powder (Al source), NH4Cl (used as an activator) and Al2O3 
(filler). Areas of parts not receiving coating masked by a nickel paste or tape. The 
mixture is then heated at temperatures between 800 and 1000 ºC for a couple of 
hours at atmospheric pressure under flowing Ar. Aluminum halides react on the 
surface of the part and deposit aluminum. To remove pack powder remaining on 
the surface of the superalloy after the pack aluminizing process, ultra-sonicated 
cleaning is in acetone followed by deionized water. More advanced processes consist 
of “over the pack” vapour phase aluminizing (VPA) or chemical vapour deposition 
(CVD). These processes can control the flow of the aluminum halides to selected 
areas of the parts to be coated, and are used especially when there is a need to coat 
also the internals of components. Figure 6 and Figure 7 show a modern platinum 
electroplating line and a VPA furnace. 
 
Figure 6 - Platinum electroplating line, semi-automated 
 31 
 
Figure 7 - VPA aluminizing furnace 
Depending on the activity of the aluminum and the coating temperature, one can 
achieve two coating microstructures. The low activity, high-temperature process 
(1050-1100 ºC), forms NiAl by outward diffusion of nickel. In the high activity, low 
temperature process (700-950 ºC), Ni2Al3 and possibly β-NiAl forms by inward 
diffusion of aluminum. Typically a diffusion heat treatment is applied to form a 
fully homogeneous β-NiAl layer.  
Figure 8 and Figure 9 show schematically the microstructures of these two types of 
coatings (63). Since the part surface is grit blasted prior to the application of the 
platinum, grit inclusions can serve as markers to indicate the additive coating 
layer or the original alloy surface. In the case of the low activity, high-temperature 
process, the additive layer is above the nickel diffusion zone, and in the case of high 
activity, low-temperature process, the additive layer is under the original surface 
marked by the grit inclusions. The relative thickness of the nickel diffusion zone 
also indicates the degree of outward diffusion of nickel. As the coating grows 
inwardly in the high activity, low-temperature process, it traps the carbides and 
other inclusions near the original alloys surface, as shown in Figure 9. These 
inclusions can have a deleterious effect in that they can lower the 
oxidation/corrosion resistance of the coating. 
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Figure 8 - Microstructure schematic showing platinum aluminide formed from a low 
activity, high-temperature process (63) 
 
Figure 9 - Microstructure schematic showing platinum aluminide formed from a high 
activity, low-temperature process (63) 
In either processes, platinum aluminide can be single phase (NiPtAl) or double 
phase (NiPtAl + PtAl2). The PtAl2 secondary phase is schematically shown in 
Figure 8. Figure 10 is a cross section SEM micrograph of a two-phase platinum 
aluminide coating. Although existence of the PtAl2 phase ensures sufficient 
platinum in the coating, excess PtAl2 can be detrimental, as it makes the coating 
brittle. A “blue zone” (as it appears in the optical microscope) is characteristic for 
the outer region of the additive layer. It also indicates the coating to be on the 
aluminum rich side of β-NiAl phase (64).  
 
Figure 10 - Optical micrograph of an outwardly grown platinum aluminide diffusion 
coating. The top thin white layer is electroplated nickel, used for edge retention during 
metallographic preparation of the sample (64) 
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Since aluminide coatings strongly interact with the underlying substrate via 
diffusion, the formation of brittle phases and the formation of a fast growing 
secondary reaction zone (SRZ) must be avoided. Therefore, each aluminide 
deposition process must be specifically tailored for different superalloy 
compositions. 
During cyclic oxidation, the roughness of the interface between the Pt-modified 
aluminide coating and the TGO increases with increasing cycles through 
mechanisms of oxide creation and spallation. A general indicator of the protective 
capability of the oxide scale is given by the Pilling-Bedworth Ratio: 
PBR = volume of oxide formedvolume of metal consumed 
Equation 3 
The PBR value of the Al2O3/Al system is 1.28 (65). That is, during oxidation, the 
height of the interface between TGO and coating is lower than that of the as-
fabricated coating surface because the Al volume changes upon oxidation to Al2O3 
in β-NiAl. If the TGO is locally detached at certain positions, the interface 
roughness could be increased. Generally, β-NiAl phase is transformed to γ’-Ni3Al 
phase and finally to γ-Ni phase during long term cyclic oxidation. Precipitation of 
the γ’-Ni3Al phase from β-NiAl is caused by depletion of Al because Al is consumed 
for the formation of the TGO. During precipitation a volume change occurs, which 
originates in structural changes from B2 β-NiAl phase to face centred tetragonal 
(FCT) γ’-Ni3Al phase. Also, when γ’-Ni3Al is transformed to γ-Ni, structure is 
changed from FCT to face centred cubic (FCC) and volume change occurs, too. 
Therefore, the roughness of the interface between the coating and TGO increases 
close to positions of γ-Ni phase (66). Interface roughness affects the extent of TGO 
spallation. The probability of failure between the TGO and bond coat is higher due 
to increases in stress if the coating surface has higher undulation amplitude. 
Higher roughness means larger interfacial area, which is the site of Al2O3 creation. 
Therefore, a rougher interface can increase the TGO growth rate during high 
temperature exposure (67). 
Alloys with 61-68 at.% Ni, like the ones typically used on the TBC bond coat on 
aero turbine blades, transform to Ll0 martensite, instead of the equilibrium phases, 
upon modest quenching from temperatures above 1000 ºC to room temperature. 
Quenching from 900 ºC and below would not be expected to produce martensite for 
any binary composition, because the Ni-rich regions must be located in the β phase 
for a given heat treatment temperature, as shown in the Ni-Al phase diagram in 
Figure 11 (68). Long term cyclic oxidation results in the precipitation of γ’-Ni3Al in 
Ni-rich compositions of β-NiAl, which suppresses the martensitic transformation, 
because the β-phase in not present in the microstructure of the bond coat and only 
a single γ-γ’-phase remains (69). 
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Figure 11 - Binary Ni-Al equilibrium phase diagram 
The martensitic transformation start (Ms) temperature for binary NiAl has a 
dramatic dependency on stoichiometry: increasing the Ni content from 62.5 to 68 
at.% shifts the Ms from room temperature to 700 ºC. Higher order PtNiAl 
commercial TBC bond coat alloys show a strain-inducing martensitic 
transformation near 600 ºC (70). When martensite is formed, the physical and 
mechanical property changes associated with the transformation can dramatically 
influence the TBC life. The value of the transformation temperatures relative to 
the creep strength of the bond coat plays an especially important role (71).  
The addition of reactive elements (RE), such as Hf and Y, to the Pt-modified 
aluminide coating tends to reduce the outward Al diffusion and therefore increase 
the lifetime of TBCs. Scale growth is caused by the diffusion of metal cations and 
oxygen anions through the crystalline lattice of the oxide grains and along high 
diffusivity short-circuit paths such as the grain boundaries. Such short-circuit 
paths are blocked by RE-rich precipitates under an oxidative environment 
(sufficient oxygen and temperature) when an RE is added to the alumina-forming 
alloy (72).  
Furthermore, there is a generation of pegs at the interface between the RE-added 
coating and the TGO. Oxide pegs protruding into the coating provide improve 
interfacial adhesion because they play a role of anchoring at the BC/TGO interface 
(73). Pegs can be divided into two types of morphologies, micropegs and macropegs. 
Micropegs enhance interfacial adhesion, however, macropegs promote oxide 
cracking and spallation. During cyclic oxidation, micropegs grow and gradually 
change to macropegs due to the volume expansion stresses derived from oxide 
growth and thermal shock stresses generated by the difference in thermal 
expansion coefficient (74). 
The first commercial MCrAlY alloy was an iron-based FeCrAlY formulated by 
Pratt and Whitney in the late 1960s (75). Soon thereafter, they also patented 
CoCrAlY and NiCoCrAlY compositions. Initially, MCrAlY coatings were applied 
either by vacuum induction or EB-PVD. Primarily used as airfoil coatings, they 
were very successful in enhancing the oxidation and hot-corrosion resistance of gas 
turbine hardware. However, due to cost considerations, coating manufacturers soon 
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developed techniques such as air, vacuum, and low-pressure plasma spraying 
(APS, VPS, and LPPS) and high-velocity oxy-fuel (HVOF) deposition. Uses for the 
coatings also expanded to other high-temperature applications in gas turbine and 
internal combustion engines, such as turbine shrouds (abradable and rub tolerant 
coatings), abrasive blade tips, and thermal barrier coatings (TBC) bond coats.  
Overlay coatings compared to diffusion coatings provide more independence from 
the substrate alloy and more flexibility. The coating composition can be adjusted 
according to the expected degradation mechanisms in service. MCrAlY bond coats 
contain typically four or more elements. Chromium gives these coatings excellent 
corrosion resistance combined with good oxidation resistance. After the coating 
deposition, a vacuum heat treatment provides diffusion bonding for optimum 
adhesion. Thus, MCrAlY coatings demonstrate a good balance between oxidation 
resistance, hot corrosion resistance and mechanical properties, and as a result are 
widely used on the blades and other high-temperature components in a gas turbine 
engine system.  
MCrAlY coatings generally show a two-phase microstructure of γ-Ni rich solid 
solution and β-NiAl. Depending on the actual composition and service temperature, 
additional phases such as γ'-Ni3Al, α-Cr, σ-CoCr and intermetallic phases on the 
basis of Ni/Y-compounds may be present (76). The presence of continuous matrix 
fcc γ-phase increases its ductility and thus the thermal fatigue strength. The β-
phase is the main reservoir of the aluminum in the coating. Oxidation resistance of 
the MCrAlY coatings is mainly related to the formation of the continuous α-Al2O3 
scale on the coating surface, due to its slow growth, thermal stability and highly 
compactness for inhibiting the ingress of oxygen and other elements (77).With 
increasing TGO thickness the aluminum rich phase in the outer region of the 
coating depletes and the γ-phase predominates (78). Figure 12 shows a cross 
section of a coating after an extended period of oxidation. The β-depleted region 
also shows a vast array of oxide protrusions.  
 
Figure 12 - Micrograph of a typical two-phase MCrAlY bond coating, applied using LPPS, 
after several hours in service. The aluminide phase (dark) is depleted near the coating 
surface, and oxide pegs protrude from the TGO into the bond coating 
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These oxide protrusions sometimes form from the oxidation of reactive elements 
such as yttrium or hafnium. The reactive element oxide protrusions are called 
“pegs,” and are thought to be one of several mechanisms responsible for the 
enhanced adhesion of the alumina scales. MCrAlY alloys are effective because they 
are thermally and chemically compatible with their substrates and have a minimal 
effect on base-metal properties. Performance is attributed to their ability to form a 
tenacious, protective scale that inhibits any interactions between the host surface 
and the outside corrosive environment. The primary protective scale is aluminum 
oxide. Although other elements in the coating can also form oxides, they are not as 
protective as alumina. Accordingly, their formation is discouraged by proper 
alloying of the MCrAlY.  
It is desirable to provide a slow growing well adherent pure alumina scale (TGO). 
The aluminum in MCrAlY, usually between 8 and 12 wt.%, forms the oxide scale. 
As a major constituent of the alloy, it provides a reservoir from which the alumina 
scale is repeatedly replenished. Scale formation is related to the aluminum’s 
activity and its diffusivity in the alloy. This activity is increased by chromium. 
Chromium (17-25 wt.%) lowers the amount of aluminum needed to form and 
maintain the protective oxide film and also provides excellent corrosion resistance. 
Therefore, the standard nominal composition of a NiCoCrAlY BC is (wt.%): 17-
25Cr, 10-22Co, 8-12Al, 0.5-1.0Y, balance Ni (79). A schematic diagram showing the 
relative oxidation and corrosion resistance of the most common overlay MCrAlY 
and diffusion aluminide coatings is shown in Figure 13.  
 
Figure 13 - Common MCrAlY and diffusion aluminide coating compositions in relation to 
oxidation and hot-corrosion resistance (80) 
Elements beneficial for the scale adherence are reactive elements such as yttrium, 
hafnium, and zirconium. Thus, all MCrAlY coatings usually contain 1 wt.% yttrium 
or less. The mechanism of yttrium enhancement of MCrAlY oxidation resistance is 
still debated. Several studies have attributed yttrium’s beneficial effects to 
modification of the alumina mechanical properties, pegging of the alumina to the 
metallic layer, or gettering of sulfur impurities which migrate from the bond coat 
 37 
or superalloy substrate. It is possible to add too much yttrium, and for additions at 
and above 1 wt.%, the oxide scale is not alumina but yttrium aluminum garnet, 
which is not as protective as alumina (81).  
Additions of hafnium and zirconium play a similar role, they also seem to prevent 
spallation of the TGO. The effect of other additions beyond those found within the 
most common MCrAlY alloys has also been investigated. Additions of rhenium (Re) 
have been shown to improve isothermal or cyclic oxidation resistance, and thermal 
cycle fatigue (82). The amount of silicon (Si) added to any MCrAlY alloy must be 
limited. Too much will substantially lower the alloy’s melting range. However, in 
small amounts, it has been shown to promote alumina scale adherence and, in 
some cases, form an oxide film of its own. The refractory metal tantalum is 
sometimes added to a MCrAlY coating to improve the alloy’s high-temperature 
capabilities and resistance to sulfidation and hot corrosion. Platinum, though very 
expensive, is often added to a MCrAlY coating to increase its oxidation and hot-
corrosion properties for operating at temperatures up to 1100 ºC. With regard to 
trace elements, considerable attention is now paid to minimizing sulphur, in some 
cases to well below 10 ppm (83).  
The two most important MCrAlY overlay bond coat deposition techniques are 
reviewed here. These systems have similarities in their requirements to produce an 
acceptable coating. In order to provide optimum adherence for a TBC topcoat, a 
surface roughness of the MCrAlY bond coat at least approximately 10 μm Ra is 
desirable so as to mechanically anchor the layers together. This is usually 
accomplished by using a coarse powder with a size distribution within the range of 
40 to 125 μm. A coating produced by a coarser powder, however, tends to exhibit 
porosity. If the bond coat has more than 6% porosity, even after vacuum heat 
treatment, any pores still inter-connected can result in accelerated internal 
oxidation of the coating once in service.  
The PLASMA SPRAY deposition process can be divided into three categories based 
on the operation pressure at which they are performed: atmospheric pressure 
(APS), low pressure (LPPS) and vacuum (VPS). VPS represents the state-of-the-art 
technology for the industrial bond coat deposition, but the cost is relatively high 
due to the vacuum operation condition. VPS avoids the aluminium oxidation 
during the spraying and the relative consumption of the Al reservoir of the coating 
before the service life. The LPPS deposition process also avoids some of the 
oxidation during APS, doubling the resistance to spallation. APS spray systems 
operate at atmospheric pressure, and thus, the investment costs and processing 
period are much lower than VPS, because no high vacuum equipment is required 
and no evacuation times are needed in the spray production cycle. APS also has the 
advantage of coating small inside diameters and components with complex 
geometry found frequently in combustion liners, transition pieces and other hot gas 
path components of a gas turbine. However, the APS process provides a larger 
oxidation compared to VPS and LPPS, which causes depletion of the aluminum 
reservoir before service (84). 
The HVOF deposition system comprises an oxygen and fuel mixture consisting of 
kerosene, propylene, propane, natural gas, or hydrogen, depending on the gun. The 
mixture of oxygen and fuel is injected into the combustion chamber and is ignited 
internally or externally from the gun. The powder is injected internally into the 
upper stream of the combustion flame, either axially or radially. The ignited gases 
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form a circular flame, which surrounds the required coating powder as it flows 
through the nozzle. The combustion temperatures can exceed 2800 ºC depending on 
gun operating parameters and the fuel type. The flame configuration shapes the 
powder stream to provide uniform heating and acceleration of the powder particles. 
Similar to the plasma spray process, the selection of gun parameters is based on 
providing the optimum heating and acceleration of the powder particles by the 
flame. Typical gas velocities are 1000 to 1200 m/s and can exceed 1500 m/s, 
depending on which hardware and spray parameters are utilized. The schematic in 
Figure 14 demonstrates the working principle of a typical HVOF gun. The main 
advantage of this process is the shorter residence time of powders in the flame 
(lower powder temperature) and the higher kinetic energy of the particles 
impacting. This produces a dense coating with less degradation of the powder 
during the spraying. Moreover, the HVOF process forms a fine Al2O3 dispersion 
during the spraying process performed in air, which has a beneficial effect on the 
oxidation resistance, as it serves as initial alumina nuclei, promoting the growth of 
a protective TGO layer. Oxidation tests have proved that HVOF-sprayed MCrAlY 
coatings can compete very well with VPS coatings, and with the consideration of 
the lower manufacturing cost of HVOF as compared with LPPS and VPS, there is 
great interest in improving the HVOF process to commercially deposit MCrAlY 
overlay coatings (85). 
 
Figure 14 - Working principle of a typical HVOF gun (courtesy of Praxair) 
Sulphur is known to have a deleterious effect on the adherence of the oxide layer 
to the underlying high temperature metallic alloy, after isothermal or cyclic 
oxidation. Sulphur is present in metallic alloys as an impurity in raw materials 
and at each step of the alloy processing. In the case of NiPtAl bond coats, the Pt 
electroplating and aluminizing equipment are sources of S contamination (86). 
Sulphur strongly segregates to metal surfaces and to metal/oxide interfaces. The 
free energy of equilibrium segregation to surfaces and grain boundaries is 
generally composed of two contributions: a decrease in surface or interface energy 
by saturation of free bonds and a decrease in elastic energy by release of stresses in 
the lattice caused by dissolved atoms (87). In the case of surface segregation, the S 
coverage follows the Langmuir-McLean equation (above 800 ºC) (88): 
𝜃1 − 𝜃 = 𝑎 𝐶s1 − 𝐶s e�𝑄s𝑅𝑇� 
Equation 4 
𝜃: surface coverage relative to saturation 
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𝐶s: bulk S concentration 
𝑎: constant 
𝑄s: enthalpy of segregation 
𝑅: universal gas constant 
𝑇: temperature 
Concerning S interfacial segregation, it is influenced by the interface 
microstructure and composition, and is generally higher at free surfaces (such as 
interfacial cavities) than at intact metal/oxide interfaces (89). Besides equilibrium 
segregation, the presence of an impurity like S at the oxide/metal interface can also 
be explained by the phenomenon called “interface sweeping”, which is more an 
accumulation than segregation. When the oxide grows predominantly by oxygen 
inward diffusion, the interface moves inward and can incorporate S from the alloy. 
On the contrary, when the oxide growth is controlled by an outward flux of cations, 
the metal atoms get ionized at the metal/oxide interface and transfer across the 
interface. The consequence is an enrichment of S induced by the metal depletion 
(90). 
The explanation of the detrimental role of S is that S segregates to free surfaces of 
voids and cavities formed beneath the oxide scale. This leads to a decrease in their 
surface energy, which favors their formation and growth since the critical radius of 
nucleation is reduced. Therefore, S weakens the interface by promoting the 
formation of defects and consequently accelerating crack propagation and 
delamination of the metal/oxide interface (91). There are three main strategies to 
limit the detrimental effect of S: 
i. Using a low S material: by desulphurizing the material before using it, via 
annealing under hydrogen. The technique consists in inducing S segregation 
to the surface of the material by a high temperature annealing under an H2-
bearing, reducing atmosphere. The hydrogen atmosphere suppresses or 
limits oxidation and evacuates S through the surface as H2S. Depending on 
the annealing conditions (time, temperature, sample’s thickness), this 
technique enables one to lower the concentration of S from a typical 10 ppm 
to less than 0.1 ppm (92). 
ii. Introducing Pt in the metal: typically up to 10 wt.%. Pt enables to maintain 
an Al-rich phase near the metal/oxide interface, which is assumed to limit 
the formation of interfacial transient cavities during the growth of α-Al2O3. 
In addition, S segregates more to Ni-rich than to Al-rich surfaces. 
Consequently, the effect of Pt is to reduce both growth of transient cavities 
and S segregation at the free surface of these cavities, which is beneficial for 
the adherence of alumina scales (93). 
iii. Doping with reactive elements (REs): The most commonly used elements are 
Y, Hf, Zr and their oxides. Doping is realized up to a few hundred ppm. REs 
react with S to form stable sulfides and thereby reduce the sulphur 
available in the alloy which segregates to the critical protective interface 
(94).  
Pt-rich γ-Ni/γ’-Ni3Al bond coats are usually named “low cost bond coat”. This is due 
to the fact that they are obtained by just electroplating Pt on the substrate and 
subsequently vacuum heat treated at typically 1150 ºC for 1h, but no aluminization 
process is applied (95). These coatings avoid the volume changes associated with 
the phase transformation of the as-deposited β phase to more Ni-rich phases such 
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as γ′-Ni3Al. They can form adherent Al2O3 scales, but with significantly reduced 
rumpling during thermal cycling. It means that these compositions could 
considerably improve TBC reliability and durability, for which the formation of a 
protective Al2O3 scale is a key requirement (96). 
2.3.1. New Bond Coat Systems 
With a drive to improve engine combustion efficiency and reducing emissions, the 
inlet temperature of a gas turbine engine system keeps increasing. In an effort to 
achieve an enhanced prime reliant BC system that will boost propulsion and 
energy systems’ capability and efficiency, several investigators have worked on 
understanding and mitigating the various phenomena affecting the BC 
performance. 
In order to increase the lifetime of Pt-modified aluminide coatings on cyclic 
oxidation, Zr can be deposited on top of the bond coat using the electron beam-
physical vapour deposition method (EB-PVD) method. Zr is known as an element 
which is helpful to enhance alumina scale adhesion, a phenomenon attributed to a 
change of the oxide microstructure due to the incorporation of Zr into the oxide 
scale. This effect of Zr has been shown to occur at the interface between the 
alumina scale and several alloys: FeCrAlY, NiAl, and NiCrAl (97). 
Pt-modified aluminide coating is fabricated by Pt electrodeposition, heat treatment, 
and pack aluminizing. During the process of pack aluminizing, which is performed 
at high temperature, Al is rapidly deposited into the substrate and then saturates 
the substrate after a relatively short time. Therefore, under identical pack 
composition and temperature conditions, the coating remains fixed even for long 
aluminizing times (98). Novel low temperature surface treatment processes 
prior to pack aluminizing were recently discovered and reported upon. A surface 
mechanical attrition treatment (SMAT) applied to pack aluminizing of alloy steels 
allows the treated bond coats to become thicker than the untreated coatings. SMAT 
is a cold working surface treatment process used to improve the fatigue resistance 
of metal by inducing a compressive stress in the surface layer. SMAT surfaces have 
a different microstructure from untreated surfaces, containing many grain 
boundaries and dislocations that affect the diffusion during aluminizing processes 
(99). Ultrasonic nanocrystal surface modification (UNSM) is a nano-structured 
surface modification technology that can improve hardness, toughness, and friction 
characteristics. During the UNSM process the surface of the bond coat is treated 
using stainless steel balls and applying a vibration frequency. This treatment can 
result in similar SMAT effects including microstructural changes of grain size, 
dislocation, and internal defects near the targeted area. However, the UNSM-
treated specimen has a flatter and smoother surface than the SMAT-treated 
specimen because the specimen is affected by regular UNSM impact, unlike the 
random impact of SMAT (100). 
Bond coats are typically manufactured using air plasma spraying (APS), low-
pressure plasma spraying (LPPS) and high-velocity oxygen-fuel spraying (HVOF). 
The predominant drawback to these techniques is that their inherent high 
temperatures inevitably lead to changes in the coating microstructure, namely 
oxide inclusions. Reported values for MCrAlY coating oxide content are 0.16, 0.94 
and 1.8 wt.% for LPPS, HVOF and APS respectively (101). Coatings with higher 
initial oxide content experience increased oxide growth rates when subjected to 
oxidation testing, thereby promoting the onset of premature spallation of the top 
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coat. They also tend to show the presence of undesirable fast-growing non-alumina 
oxides that form protrusions and accelerate the TBC failure mechanisms. Cold gas 
dynamic spraying (CGDS) uses kinetic energy rather than thermal energy to 
produce coatings. In this process, fine powder particles are accelerated in a 
supersonic flow and undergo severe plastic deformation upon impacting the 
substrate to form a coating. CGDS operates at much lower temperatures than 
thermal spray processes and consequently its coatings exhibit no grain growth. In 
addition, it uses inert gases which hinder in-process particle surface oxidation. 
These advantages make CGDS an interesting alternative for the deposition of bond 
coats (102). 
Exposed to the elevated temperature environment for a long time, the bond coat 
degrades rapidly. Interdiffusion between the bond coat and the substrate is deemed 
a key factor in accelerating the coating to degrade. To prolong the service lifetime 
of the bond coat at elevated temperature, a diffusion barrier can be introduced 
into the BC/substrate interface (103). Precious metals, refractory metals, 
intermetallics and ceramics have been used as diffusion barriers. Among these, α-
Al2O3 diffusion barriers have attracted great attention, due to their low cost, high 
efficiency and long-term thermal stability (104). However, the interface between 
the α-Al2O3 barrier layer and the substrate or bond coat is vulnerable during 
thermal cycling. The main causes are attributed to (105): 
1. Difference in physical properties of the barrier layer, the bond coat and the 
substrate. During thermal cycling, a high residual stress due to the 
mismatch in coefficients of thermal expansion exists in the coatings, which 
will weaken the interfacial adhesion. 
2. The discontinuous deposition process for the diffusion layer and bond coat, 
which causes the absorption of impurities (C, water vapour, etc.) into the 
diffusion barrier when the material is exposed to ambient atmosphere at 
deposition intervals. The presence of contaminants markedly impairs the 
interfacial bonding. Using a continuous deposition method might lower the 
difference in properties of the layered materials and avoid the interfacial 
contaminants. As a result the interfacial strength could be significantly 
enhanced. 
2.4. Thermally Grown Oxide 
In order to protect metal components such as turbine blades and vanes from the 
hot combustion gases, a thermally grown oxide (TGO) layer provides oxidation and 
hot corrosion protection. The TGO layer consists of dense and stable rhombohedral 
α-Al2O3 together with various metastable aluminas, mainly monoclinic θ-Al2O3: the 
most crystallographically ordered transition alumina and the closest transition 
alumina with respect to α-Al2O3 (106). 
During thermal cycling, oxygen from the air can easily travel through the gaps 
between EB-PVD TBC columns or through inter- or intra-splats cracks in APS TBC 
or just by ionic diffusion through the crystalline structure of the TBC onto bond 
coat to form the TGO scale. Due to the insulator natures of the α- and θ-Al2O3 the 
polycrystalline aggregate can effectively protect the underneath metallic layers 
from high temperature oxidation (107). 
However, as thermal cycles develop, the TGO experiences large residual 
compressive stress when the TBC system cools down, as a result of the constrained 
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volume expansion due to the TGO growth and its thermal expansion (8-9 × 10−6 
K−1) mismatch with the substrate (13-16 × 10−6 K−1). This high residual 
compressive stress will cause TGO creep deformation, leading to crack nucleation 
and eventually to the spallation of the top coat. Thus, the growth of the TGO 
during high temperature operations is widely regarded as the single most 
important phenomenon responsible for the TBC intrinsic failure (3). 
Since the spallation/failure of the TBC system is usually initiated near or at the 
TGO layer due to the growth of Al2O3, the stress analysis in the TGO layer is of 
great interest for understanding the failure of these oxide layers. Albeit the fact 
that the TGO contains both α- and θ-Al2O3, the stress evaluation in the TBC system 
can be done assuming a single dense α-Al2O3 layer, as the stress difference between 
the two Al2O3 can be canceled to some content due to the equal footings of their 
elastic properties over temperature. In this sense, it is not questionable to evaluate 
the relative stress in the TBC system including only α-Al2O3 (108). 
Stress development within the TBC system and in particular around the TGO area 
is one of the main factors that limit the TBC lifetime. This mechanically induced 
failure (MIF) mechanism is manifested by cracking of the TGO which is induced 
by tensile stresses developed within the oxide layer at temperature simply as a 
result of the growth of protective alumina (109). However, severe aluminium 
depletion that occurs in the bond coat as a result of selective oxidation and 
continued growth of the TGO with time at high temperature can be responsible the 
chemically induced failure (CIF) mechanism (110). 
Chemical failure requires aluminium activities in contact with the TGO to be 
extremely low, where the formation of a protective α-Al2O3 TGO can no longer be 
sustained. As a result, fast-growing oxides containing nickel (NiO), chromium 
(Cr2O3) and cobalt (Ni(Co,Cr)-spinels) form at localized regions where the initial 
severe aluminium depletion occurred. These other oxides exhibit a weak protection 
to the underlying alloy coating (111):  
 Cr2O3, being a protective scale against oxidation, is usually formed in a 
relatively high oxygen partial pressure when compared with the formation 
of α-Al2O3. It protects the underlying alloy from oxidation only at low 
temperature environment;  
 NiO easily forms in an atmosphere with high oxygen partial pressure. The 
parabolic rate constant for NiO scales growing in air at 1100 °C, for 
example, is typically three orders of magnitude higher than that of the 
protective α-Al2O3. The high growth rate of NiO easily introduces a high 
level of stress to the TBC system;  
 The most undesirable oxide at the YSZ/bond coat interface is spinel that is 
usually stoichiometrically expressed as (Ni,Co)(Cr,Al)2O4. Its growth is 
usually accompanied with local and rapid volume increase. Spinels are 
porous, brittle, lacking of capability in antioxidation.  
In literature, the Cr2O3, NiO, and spinel are generally referred as mixed oxides. 
The depletion of Al in bond coat is one of the main reasons for the formation of the 
mixed oxides, which have a deteriorative effect on the durability of TBCs (112). 
Their associated faster growth rate will lead to larger stresses, as shown 
schematically in Figure 15. 
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Figure 15 - A schematic diagram to show the cracking style of the YSZ coating near the 
TGO for a chemical failure mechanism (MO stands for the mixed oxide) (113) 
In this model, P stands for the compressive force, acting on the YSZ coating by the 
local protruding mixed oxides. The higher the growth rate of the mixed oxides, the 
higher the compressive force. On the other hand, nonbonded areas are virtually 
present in the YSZ coatings. The crack propagation will be initiated through the 
areas of the YSZ coating with a low toughness by the tensile force P, being the 
compressive stress exerted by the growth of protruding TGO, as illustrated by the 
model. With the growth of the local protruding TGO, the length of cracks is 
increased. However, the propagation of cracks stops as the stress and associated 
strain energy density is alleviated where the effect by the growth of the single 
protrusion becomes much limited. The length of cracks caused by a single 
protruding TGO is limited when the spacing of neighbouring protrusions is large. 
However, the growth of large number of protruding TGOs at the YSZ/bond coat 
interface causes the bridging of cracks. Consequently, the delamination of the YSZ 
coating from the bond coat results from the bridging of the crack propagation 
induced by the growth of protrusions (114). 
2.5. Ceramic Top Coat 
State-of-the-art TBCs are typically based on 3.5-4.5 mol.% (6-8 mass%) Y2O3 
stabilized ZrO2 (6-8YSZ) due to its low thermal conductivity (2.1 W m−1 K−1), 
relatively high thermal expansion coefficient (11 × 10−6 K−1) and chemical inertness 
in combustion atmospheres (115). 
Presently essentially two types of application methods are used to deposit the YSZ 
ceramic layer onto commercial gas turbine engine components. Plasma spray 
deposition is commonly utilized to deposit TBCs onto components such as 
combustor hardware, turbine outer air seal ring segments, and stationary nozzle 
guide vanes. Rotating blades and some high-pressure turbine section vanes, which 
require surfaces with a smooth finish and the ability to withstand a high degree of 
thermo-mechanical strain, are often coated using EB-PVD technology. Alternate 
thermal spray technologies using liquid precursors show promising results and 
potential, but need still optimization work (7). 
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In the air plasma spraying (APS) process, the plasma is generated by an electric 
arc between the cathode and the nozzle shaped anode (Figure 16). Through the 
expansion of plasma into the torch, a hot, high speed plasma jet outside the torch is 
formed. Fine powder particles are injected into the plasma jet close to the torch, 
where they are heated, in the most cases fully molten and accelerated onto a 
substrate to be coated. Particles land on the substrate where they spread and 
solidify forming a coating layer. This results on a highly inhomogeneous lamellar 
and porous microstructure, depending on the process parameters, powder material 
and substrate (116). The spraying process is usually programmed and performed 
automatically by using a robot, as shown in Figure 17. 
 
Figure 16 - APS process and its principle scheme 
 
Figure 17 - Robot used for APS spray 
The APS coatings, schematically shown in Figure 18, predominantly have lamellar 
splats with anisotropic distributions of inter-splat lamellar pores, which are mostly 
parallel to the substrate, and intra-splat cracks, which are mostly perpendicular to 
the substrate. There are also different size distributions of rounded globular pores. 
This highly anisotropic lamellar structure is formed by the random deposition 
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thermal spraying process during which molten or semi-molten particles impact, 
spread and rapidly solidify onto a substrate or previously deposited layers. The 
stacking of those thin lamellas generates the defects of pores at splats boundaries. 
The various rounded globular pores result from the incomplete inter-splat contact 
due to gas entrapment or around unmelted particles. The rapid solidification of the 
splats with cooling rates in the range 104-105 K/s builds up high cooling stress 
within the splats and results in intra-lamellar cracking caused by tensile 
quenching stress relaxation (117). These unique microstructural features 
contribute to a further decrease in thermal conductivity (118). 
 
Figure 18 - Typical features of as-sprayed TBC coating 
When the APS coatings undergo high-temperature thermal cycling, Figure 19, the 
splat boundaries start merging (Arrow A) and the intra-splat cracks start healing 
(Arrow B). After further high temperature exposure, the APS coatings are severely 
densified by the splats sintering together. 
 
Figure 19 - The microstructure evolution of APS TBCs with thermal cycling at 1200 ºC for 
50 (left) and 100 h (right), where arrow A indicates the splat boundaries merging and 
arrow B intra-splat crack healing (courtesy Lucy Y. Liu) 
TBCs produced by electron beam physical vapour deposition (EB-PVD) have a 
much higher tolerance to thermal cycling than the coatings deposited by APS. The 
superior performance of EB-PVD coatings is attributed to the development of a 
feather-like columnar microstructure, providing a high degree of mechanical 
compliance. However, the lack of large splat boundaries and other features normal 
to the heat flow direction ensures that EB-PVD TBCs will have relatively higher 
thermal conductivity values than their plasma-sprayed counterparts of the same 
composition (119). 
EB-PVD TBC coatings are produced by vacuum deposition of YSZ in a reactive 
atmosphere at elevated temperatures (approximately 1000 ºC). Processing 
comprises the following steps:  
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1. The incoming parts are inspected and then typically cleaned in an 
ultrasonically enhanced aqueous or solvent cleaning process. Immediately 
before TBC coating, they receive a surface conditioning treatment, which 
also provides a clean oxide free metal surface.  
2. TBC coating is done in an EB-PVD vacuum coater. Parts are loaded into a 
vacuum chamber onto a manipulator. The chamber is then pumped down to 
vacuum and the parts manipulator transfers the load to a preheat chamber, 
where they are heated to approximately 1000 ºC. During this preheating 
phase, the initial thin TGO forms to provide the necessary bond to the TBC. 
3. The parts are then transferred to the coating chamber. The YSZ ingot is 
evaporated by electron beams in vacuum and deposited onto the preheated 
parts. By a combination of rotation and tilting, a uniform coating over the 
airfoil surface is accomplished. Unwanted coating deposition is masked off 
by the fixturing. To compensate for some oxygen loss during coating, a 
minor amount of oxygen is added to the process. Typical deposition speeds 
are 2 to 6 μm per minute.  
4. After achieving the necessary coating thickness, the parts are retracted into 
the load chamber and cooled down. Normally, the as-coated surface finish is 
sufficient for engine use. Some critical parts receive an optional surface 
finish and optional age heat treatment. Final inspection checks for spits and 
pits from ingot eruptions and for chipped coating due to handling. Ancillary 
processes such as YSZ ingot conditioning, stripping of coating fixtures, and 
stripping of non-conforming hardware support the operation.  
To cope with a wide product spectrum, it is critical that tooling can be changed 
within a short time to effectively coat part types with different coating 
thickness/coating time. This is accomplished by a 4-load chamber concept (120), as 
shown in Figure 20. This design allows having at any time one load of parts inside 
the coating chamber receiving a YSZ top layer. The highly efficiency EB-PVD 
production coater is shown in Figure 21. 
 
Figure 20 - Schematic operation with four load lock chambers (courtesy of ALD Vacuum 
Technologies, Inc.) 
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Figure 21 - A 4-chamber EBPVD production coating system (courtesy of ALD Vacuum 
Technologies, Inc.) 
The EB-PVD TBC polished cross section in Figure 22 shows a plurality of fine 
columnar grains nucleating on top of the aluminide bond coat. These subsequently 
increase in size during the vapour deposition process due to competitive growth. 
 
Figure 22 – EB-PVD TBC, featuring a plurality of vertical, loosely bonded columnar grains 
During thermal cycling the ceramic top coat undergoes sintering, as shown 
schematically in Figure 23. This sintering occurs first with the surface smoothing 
of individual columns, then the growth of surface undulations, and finally the 
formation of necks between columns. The growth of these necks causes the isolated 
columns to have the macroscopic response of a layer with finite in-plane stiffness, 
thus the consequent decrease in in-plane strain compliance. Moreover, the bridging 
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of columns leads to the formation of blocks, so this sintered top coat is less strain-
tolerant to relieve the thermal mismatch stresses during cooling (121). 
 
Figure 23 - Schematic of the microstructural evolution of EB-PVD columns due to thermal 
cycling (121)  
Coatings fabricated by EB-PVD can sometimes show a chemical composition 
deviation from that of the ingot, as a result of the evaporation differences between 
the coating oxides. In the case of YSZ, when the ingot surface is heated by electron 
beam to a certain extent, the solid phase YSZ reaches firstly a molten state, and 
then attains a solid-liquid equilibrium, the gasification is finally initiated. 
Therefore, the chemical balance of YSZ can be expressed as: ZrO2(Y2O3)0.04(s) = ZrO2(g) + 0.04Y2O3(g) 
Equation 5 
When the reaction reaches the above chemical balance, the Gibbs free energy is 
obtained: 
Δ𝐺 = −𝑅𝑇ln�𝐾p� 
Equation 6 
Δ𝐺: free energy change 
𝐾p: equilibrium constant 
𝑇: temperature 
𝑅: gas constant 
For the current case, the equilibrium constant is expressed as: 
𝐾p = 𝑃ZrO2 × 𝑃Y2O30.04  
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Equation 7 
𝑃: vapour pressure 
Based on the previous equations, the Gibbs free energy is obtained: 
Δ𝐺 = �−𝑅𝑇ln�𝑃ZrO2�� + �−0.04𝑅𝑇ln�𝑃Y2O3�� 
Equation 8 
Vapour pressures of the above oxides at 2700 ºC are listed in Table 2, and their 
values are accordingly calculated: 
Δ𝐺ZrO2 = −𝑅𝑇ln�𝑃ZrO2� = 17.1 kJ mol−1 
Δ𝐺Y2O3 = −0.04𝑅𝑇ln�𝑃Y2O3� = 7.2 kJ mol−1 
Equation 9 
Materials Vapor pressure at 2700 ºC (Pa) 𝑻𝒎𝒆𝒍𝒕𝒊𝒏𝒈 (ºC) 
ZrO2 2 2900 
Y2O3 1500 2700 
Table 2 - Vapour pressure and melting point of oxides evaporated (122) 
The above calculation indicates that the absolute values of Δ𝐺 for ZrO2 and Y2O3 
are relatively similar. In other words, when the ingot surface is heated by the 
electron beam, evaporations of Zr and Y are gradually achieved at approximately 
the same time. As a result, Zr and Y decomposed from the YSZ ingot can be 
selectively deposited when the deposition energy is properly controlled. On the 
other hand, the melting points listed in Table 2 are also quite close, which again 
means that the deposition energy adopted for deposition of Zr is close to that of Y. 
These simple calculations prove that for YSZ, the EB-PVD technique is an efficient 
method to deposit its coating, with very little composition deviation from that of the 
ingot.  
The EB-PVD TBC system can be applied to a variety of modern aircraft parts, as 
shown in Figure 24. The only limitation is whether the engine hardware can fit 
into and be easily handled within the processing chamber. 
TBC coatings deposited by APS offer a thermal conductivity significantly lower 
(0.9-1.1 W/m K), than that of fully dense, monolithic YSZ (>2 W/m K), as the 
boundaries and pores tend to lie parallel to the surface and therefore perpendicular 
to the temperature gradient. By contrast, although the thermal conductivity of EB-
PVD TBC is not as low (1.7-1.8 W/m K) as that of APS coatings, EB-PVD TBCs are 
nevertheless preferred for thin aero blade TBCs because of the strain tolerance 
imparted by the microstructure. 
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Figure 24 - Typical aircraft parts coated with EB-PVD TBC (courtesy of GE Power 
Systems) 
Thermal conductivity is primarily affected by the density of the coating, the 
number of internal boundaries and pores. The orientation of the internal cracks 
and pores relatively to the thermal flux is also critical. In order to calculate 
thermal conductivity, one must also know the specific heat of that particular 
ceramic composition, the density, and the thermal diffusivity as a function of 
temperature. The density, 𝜌, is measured using the Archimedes method. 
The thermal diffusivity is measured using a Laser Flash Apparatus. Both the top 
and the bottom of the free-standing specimens have to be blackened because YSZ is 
semi-transparent for a wide range of wavelengths. The laser light is transmitted to 
one side of the specimen, then, the thermal diffusivity is determined as a function 
of the time, 𝑡, by measuring the temperature change, Δ𝑇, of the specimen using an 
IR sensor. The thermal diffusivity, 𝛼, is then calculated using the equation (123): 
𝛼 = 0.1388 × 𝑑2
√𝑡
2  
Equation 10 
𝑑: thickness of the specimen 
√𝑡
2 : time at 1 2⁄ Δ𝑇max in the 𝑡 − Δ𝑇 graph 
Specific heat, 𝐶p, is measured using a standard Differential Scanning Calorimeter 
with sapphire as the reference material. The standard and sample are subjected to 
the same heat flux as a blank and the differential powers required to heat the 
sample and standard at the same rate are determined using the digital data 
acquisition system. From the masses of the sapphire standard and sample, the 
differential power, and the known specific heat of sapphire, the specific heat of the 
sample is computed.  
The thermal conductivity, 𝜆, is then calculated by: 
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𝜆 = 𝛼 ∙ 𝜌 ∙ 𝐶p 
Equation 11 
Typical thermal conductivity values measured at normal atmospheric air pressure 
and at each temperature on heating are shown in Figure 25.  
 
Figure 25 - Temperature dependence of thermal conductivity for YSZ TBCs 
It is worthwhile to mention that the thermal conductivity of a porous material may 
be affected by the external gas pressure, according to the open porosity, pore size 
and morphology. Thus the thermal conductivity of APS coatings typically increases 
with increasing pressure, as it is the case in the engine, whereas EB-PVD thermal 
conductivity is almost pressure independent (124). This aspect is of prime 
importance as the measurement conditions (temperature and pressure) of the 
thermal conductivity are in general far from those in service (as it is well shown on 
Figure 2).  
It is also important to mention that the thermal conductivity increases with long 
time thermal aging of the coatings (APS as well as EB-PVD coatings) due to (i) 
sintering effects, (ii) phase transformations in YSZ. Actually, this is a main issue 
which justifies the today search for new ceramic coatings with low conductivity and 
increased stability (125).  
Pure zirconium oxide exhibits three allotropes: monoclinic (m), which is the stable 
phase up to 1170 ºC, where it transforms to tetragonal (t), and then cubic (c) at 
temperatures above 2370 ºC. The t → m phase transformation usually occurs 
during the sintering and on both heating and cooling and is accompanied by a large 
volume increase on the order of 4-5%, therefore creating large internal stresses on 
cooling (122). So large, in fact, that pure zirconia sintered above 1170 ºC inevitably 
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disintegrates by cracking upon cooling. To maintain the integrity of sintered 
zirconia bodies at room temperature, one can either sinter at low temperature for it 
to remain monoclinic during sintering – which leads to a low-strength and 
toughness ceramic – or stabilize the tetragonal or the cubic phases at room 
temperature by alloying, thereby avoiding the t → m phase transformation during 
cooling. Consequently, the fundamental approach to the engineering use of zirconia 
and avoiding the transformation-induced is alloying pure zirconia with another 
oxide to fully or partially stabilize the tetragonal and/or the cubic phase. Calcium, 
magnesium, yttrium, and cerium oxides have been the most widely used stabilizers 
and lead to a number of different microstructures. In general, zirconia ceramics 
may conveniently be classified into three major types according to their 
microstructure: FSZ, PSZ, and TZP, standing, respectively, for fully stabilized 
zirconia, partially stabilized zirconia, and tetragonal zirconia polycrystals. In FSZ 
zirconia is in its cubic form, the form most commonly used in oxygen sensors and 
fuel cell electrolytes. It is generally obtained with large concentration of stabilizers 
(i.e., more than 8 mol.% Y2O3). The PSZ consists of nanosized tetragonal or 
monoclinic particles that have precipitated out in a cubic matrix. Such zirconia 
ceramics are generally obtained with the addition of lime or magnesia. TZPs are 
often considered as monoliths of tetragonal phase, although they may contain a 
secondary cubic phase. In this case the tetragonal phase is retained down to room 
temperature even though the equilibrium phase is monoclinic. The majority of 
TZPs that have been investigated are those stabilized with yttria or ceria (126).  
The selection of zirconia as a thermal barrier coating is based on three 
considerations: its high melting temperature (2700 ºC); its exceptionally low 
thermal conductivity (∼2 W/mK) and the fact that it can be plasma sprayed on 
complex shapes, such as blades. The subsequent identification of 8YSZ (4.5 mol.% 
Y2O3) as the composition of choice for alloy stabilisation is based on the fact that for 
higher yttria concentration TBCs have significantly lower fracture toughness, 
albeit lower thermal conductivity; and for lower yttria concentration they are 
susceptible to low-temperature degradation in which the tetragonal phase slowly 
transforms to monoclinic phase over a rather narrow but important temperature 
range, typically room temperature to around 400 ºC, depending on the stabilizer 
concentration. Therefore, a feature of the 8YSZ TBCs, whether deposited by 
plasma spraying or electron beam physical vapour deposition, is that they consist 
of the metastable non-transformable tetragonal structure (t’-ZrO2). This is 
because both deposition methods are high rate processes. At high temperatures, 
the metastable composition slowly separates into a mixture of tetragonal and cubic 
phases, as depicted in Figure 26. Then during cooling the tetragonal phase 
transforms to monoclinic when intersects the T0 (t/m) line. 
Under current turbine use conditions, where the maximum temperature does not 
exceed 1200 ºC this phase separation does not have time to complete and no 
transformation to monoclinic occurs, as the composition is retained, which means 
that the T0 (t/m) line will not be crossed. However, as the engine temperatures are 
increased in pursuit of higher energy efficiency, there will be conditions of 
temperature and service at which the transformation may occur (127). 
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Figure 26 – Stable (left) and metastable (right) zirconia-yttria phase diagram (128) 
In order to extend the lifetime of the TBC, one way is to reduce the stress in the 
system; the other way is to increase the stress tolerance of the system. TBC 
tolerant to in-plane strain relies on porosities such as gaps between the columns 
and micro pores of intra-column in EB-PVD TBC, and intersplat cracks, intrasplat 
cracks and globular and irregular-shaped pores in APS TBC. These porosities could 
be closed due to TBC sintering when exposed to high temperatures (> 1100 ºC) for 
extended time. The densified TBC resulting from sintering will lose its strain 
compliance that is the main contributor in preventing TBC spallation (129).  
In addition, the densified microstructure increases the real thermal conductivity 
during engine service, which will make the bond coat hotter. Consequently, all the 
adverse effects of a hotter bond coat such as fast TGO growth rate, oxidation, 
corrosion, creep etc. will accelerate the TBC system failure. Moreover, differential 
sintering along the thickness of the TBC leads to gradients in the elastic modulus 
of the TBC, which could initiate cracks parallel to the bond coat surface (130). 
These disadvantages limit the use of YSZ TBCs at temperatures higher than 1200 
ºC for long-term operation. In the next generation of advanced engines, further 
increases in thrust-to-weight ratio will require even higher gas firing 
temperatures. This means that higher surface temperatures and larger thermal 
gradients are expected in advanced TBCs as compared to the conventional YSZ 
coating. In order to overcome those disadvantages of YSZ and meet the ambitious 
designing goal, the search for new candidate materials with lower thermal 
conductivity, higher operation temperature, better sintering-resistance and phase 
stability has been intensified in the last decade (131). 
2.5.1. New Ceramic Coating Materials 
In electronic insulator crystalline solids heat is transferred by lattice vibration and 
radiation. At temperatures below 1200 ºC phonon transport dominates heat 
conduction through zirconia. The contribution to thermal conductivity of lattice 
vibration, the quanta of which are known as phonons, can be written as (132): 
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𝜆 = 13𝐶v𝑣mΛeff 
Equation 12 
𝐶v: specific heat capacity 
𝑣m: phonon velocity 
Λeff: effective phonon mean free path for phonon scattering 
To lower the intrinsic thermal conductivity of a material, reductions in the specific 
heat capacity, phonon velocity and phonon mean free path are needed. The specific 
heat capacity at a constant volume for any system is constant at a value of around 
25 JK-1mol-1 (133). The phonon velocity can be approximated by (134): 
𝑣m = 𝐴�𝐸𝜌 
Equation 13 
𝐴 = 0.87 ± 0.02 
𝐸: Young’s modulus 
𝜌: density 
In real crystal structures, phonon scattering occurs when they interact with lattice 
imperfections in the ideal lattice. Such imperfections include vacancies, 
dislocations, grain boundaries, atoms of different masses and other phonons. Ions 
and atoms of differing ionic radius may also scatter phonons by locally distorting 
the bond length and thus introducing elastic strain fields into the lattice. The 
decrease in the effective phonon mean free path, and in conductivity, is mainly due 
to phonon scattering by the anion and cation lattices. Subsequently, the effective 
mean free path can be written as (135): 1
Λeff
= 1
Λanion
+ 1
Λcation
 
Equation 14 
This separation into two mean free paths enables the thermal conductivity to be 
expressed as: 
𝜆 = 13𝐶v𝑣m � ΛanionΛanion
Λcation
�
� 
Equation 15 
In the YSZ composition there is little mass difference between Y3+ and Zr4+ in the 
cation sub-lattice and therefore the low thermal conductivity is essentially caused 
by the mean free path of phonons scattered by the oxygen vacancies introduced in 
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the structure to charge compensate for the alio-valent stabilizing yttrium ion (Y3+) 
(136).  
Lattice distortions in the YSZ solid solution can occur by introducing other rare 
earth ions with distinctively different sizes to Zr4+. This distortion can effectively 
attenuate and scatter lattice phonon waves, lowering the mean free path and 
thereby the thermal conductivity. In addition, the mass difference between dopant 
and host atoms can also increase phonon scattering. Other scattering mechanisms, 
such as changes in atomic bonding and grain boundaries during high temperature 
thermal cycling may overwhelm the size and mass effects (137).  
Grain-boundary thermal resistance affects the thermal conductivity of 
polycrystalline solids in the following way (138): 1
𝜆poly
= 1
𝜆crystal
+ 𝑛𝑅int 
Equation 16 
𝜆poly: thermal conductivity of the polycrystalline material 
𝜆crystal: thermal conductivity of the single crystal 
𝑛: number of interfaces per unit length 
𝑅int: thermal resistance of a grain-boundary plane 
so by increasing the grain size of the ceramic coating during high temperature 
oxidation, there is a strong decrease in the length of the grain boundaries crossed 
by the heat flowing through the polycrystalline material, so the total thermal 
resistance is decreased. 
In addition to phonon-phonon scattering and the presence of defects, porosity also 
influences the thermal conductivity of the ceramics. Pores, as structural 
discontinuities, reduce thermal conductivity due to the reflection from solid-pore 
interfaces which cause significant phonon-pore scattering. The conduction 
decreases also due to the tortuous solid concentration path and the presence of a 
low conductivity gas in the pores (Knudsen effect). The gaseous thermal 
conductivity of pores in materials, 𝜆gas, is frequently expressed as: 
𝜆gas = 𝜆gas01 + 𝛼 ∙ 𝐾𝑛 
Equation 17 
𝜆gas
0 : thermal conductivity in free air 
𝛼: constant specific to the gas in the pores 
𝐾𝑛: Knudsen number 
Flow regimes of gas molecules are classified by the Knudsen number: 
 𝐾𝑛 ≥ 1 is called Knudsen flow and gas molecules hardly collide with each 
other in this regime, but mainly come into collision with the pore wall; 
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 𝐾𝑛 ≤ 1  is called viscous flow and gas molecules flow like a liquid, so that 
collisions between gas molecules are very frequent.  
𝐾𝑛 is expressed as: 
𝐾𝑛 = 𝑙mfp
𝑙cl
 
Equation 18 
𝑙mfp: mean free path of a gas molecule 
𝑙cl: characteristic length 
In general 𝑙cl is interpreted as the average pore size in porous materials, which 
means that for coatings with small pore sizes, the Knudsen flow considerably 
participates in degradation of their thermal conductivity (139). 
Recent work has shown that co-doped ZrO2 ceramics simultaneously 
stabilized with two or more rare earth oxides can enhance the t → m phase 
transformation temperature, lower thermal conductivity and improve the sintering 
resistance as compared with YSZ. The enhanced transformability is related to the 
effect of alloying on the tetragonality of stabilized ZrO2, as these added oxides 
increase the tetragonal distortion of the cubic lattice (140). When the rare earth 
oxides Ta2O5 and Ln2O3 (Ln = Nd, Sm or Gd) are introduced into the YSZ solid 
solution, the composites show a single tetragonal phase and are resistant to phase 
partitioning up to at least 1500 ºC (141). 
Many other rare-earth oxides have recently attracted great attention. Lanthanum 
cerate (La2Ce2O7) shows promising thermo-physical properties, namely a lower 
thermal conductivity (0.52 W m−1 K−1) than YSZ (2.1 W m−1 K−1) and a cubic fluorite 
structure which is still stable without any phase transformation after long-term 
annealing at 1400 ºC (142). However, they have a high sintering ability after long-
term thermal cycling, which may inhibit their future application (143). The 
lanthanum-zirconium-cerium composite oxide (La2(Zr0.7Ce0.3)2O7) has a very low 
sintering ability with a sintering temperature for its coating of about 1390 ºC.  
 
Figure 27 - Optical micrograph of a double-layer TBC (144) 
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Therefore, by combining the high sintering-resistance of lanthanum zirconium 
cerium on top of the large thermal expansion coefficient of lanthanum cerate, it is 
hoped that this double-ceramic-layer coating (Figure 27) will provide a superior 
thermal protection, overcoming at the same time the limited toughness of these 
new TBC materials (145).  
Figure 28 shows the results of burner rig tests for different new TBC systems with 
NiCoCrAlY bond coated IN738 substrates (144). Under the given cyclic conditions 
(5 min heating, 2 min cooling) low porosity YSZ systems (about 12%) show a sharp 
decrease in lifetime at temperatures above 1350 ºC. Double-layer systems prepared 
from La2Zr2O7 powder performed much better and could extend the high-
temperature capability of the TBC systems by more than 100 ºC. 
 
Figure 28 - Results of thermal cyclic tests in a gas burner as a function of surface 
temperature for different thermal barrier coating systems (144) 
Functionally graded thermal barrier coatings (FGTBCs) are promising 
candidates to protect the materials and structures working under super high 
temperatures and temperature gradients. Since their inception about two decades 
ago, functionally graded materials (FGMs) have found themselves a broad area of 
applications (146). These materials consist of multi-phase composites that are 
engineered to have a continuous variation of their thermo-mechanical properties 
(gradation) allowing a smooth transition between the material constituents, so that 
under severe working conditions (such as exposure to very high temperatures, 
corrosive environment, sliding contact, etc.) they can fulfil performance 
requirements, which cannot be met adequately by homogeneous materials or by 
layered structures consisting of homogeneous layers. The required properties 
include the capability to withstand high temperatures, high corrosion resistance, 
low heat conduction, high toughness and stiffness, and wear resistance. For 
example, using a ceramic coating on a metallic component means bonding 
dissimilar homogeneous materials, which causes problems such as poor interfacial 
bonding strength, low toughness, and high thermal stresses due to the mismatch of 
material properties, namely the coefficient of thermal expansion. As a result, a 
tendency for cracking and debonding arises. It is generally accepted that when used 
as thermal barrier coatings, FGMs can alleviate these problems, by smoothing the 
thermal stress distributions across the layers, minimization or elimination of stress 
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concentrations and singularities at the interface and an increase in bonding 
strength (147).  
The grading of the thermo-mechanical properties is accomplished by varying the 
composition of the coating in the thickness direction. Figure 29 illustrates an 
FGTBC plate that is built up with microscopically homogeneous composite layers 
with spherical particles. Each layer is usually assumed to be subjected to a 
unidirectional heat-flow in the thickness direction and balanced bi-axial plane 
stress due to the symmetry of the problem (148). 
 
Figure 29 - Schematic illustration of a functionally graded thermal barrier coating 
subjected to thermo-mechanical loadings and its building block of the thin layer composed 
of spherical particle-dispersed composites containing a small crack 
The FGTBCs have a step-wised gradation of the volume fraction as shown in 
Figure 30. The compositional gradation in the FG layer can be described using the 
following expression (149): 
𝑓m(𝑖) = 1 − 𝑓c(𝑖) = (𝑖 − 1)n(𝑃 − 1)n 
Equation 19 
𝑓m(𝑖): volume fraction of metal phase in the ith sub-layer 
𝑓c(𝑖): volume fraction of ceramic phase in the ith sub-layer 
𝑃: total number of sub-layers in the FG layer 
𝑛: gradation parameter: 𝑛 = 1 means linear compositional gradation, 𝑛 > 1  means 
ceramic-rich gradation and 𝑛 < 1  means metal-rich gradation 
The ceramic-rich side is so brittle that cracks usually initiate and propagate from 
the ceramic surface into the FG layers, in particular, under unsteady heat-flow 
conditions such as thermal cycling loadings (150). In recent years, the demand for 
the development of super high temperature resistant and light weight materials 
applied to aerospace structures has been stimulating an intensive research on the 
transformation toughening of brittle ceramics and ceramic matrix composites (151). 
Stress-induced martensitic transformation toughening in zirconia-enriched 
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ceramics is one of the strongest toughening mechanisms found in experimental 
studies. When the particles surround a stable or a growing crack, the high stress 
concentration near the crack tip will trigger the transformation of zirconia particles 
near the crack tip for a critical mean stress of 700 MPa. The dilatant 
transformation will induce closure tractions along the crack faces, so the fracture 
toughness of the brittle ceramic is enhanced (152). 
 
Figure 30 - Compositional gradation patterns in FGTBCs 
In recent years, researchers have focused on the increasing potential of 
nanostructured zirconia ceramic coatings for use as thermal protection and 
wear resistance. Nanostructured TBCs have the potential to improve durability 
and reduce thermal conductivity. The improvement in durability is due to the 
enhancement of the splat boundary strength of the coating and the decrease in 
thermal conductivity results from a grain size reduction and pore size optimization 
(153). 
Table 3 and Figure 31 compare typical thermal property values of some of these 
new coating materials with traditional coatings. The most interesting range is the 
one with low thermal conductivity and rather high thermal expansion coefficients. 
The materials covering this range (pyrochlore and defect cluster materials) do not 
show severe problems during processing, indicating that at present these materials 
seem to be the most suitable ones. However, further development might reveal 
certain advantages of the other materials with respect to thermal cyclic 
performance and thermal stability (154). 
 
Figure 31 - Plot of thermal conductivity and thermal expansion coefficients of dense, new 
thermal barrier coating materials (155) 
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Materials Temperature 
(ºC) 
Thermal 
Conductivity 
(W/mK) 
Thermal 
Capacity  
(J/kg ºC) 
Substrate (156) 300 11.47 427 
500 14.99 481 
700 17.96 506 
900 19.43 489 
1000 19.51 473 
Bond Coat (157) 25 4.30 501 
400 6.40 592 
600 8.70 680 
800 10.20 764 
1200 11.10 781 
TGO (157) 20 10.00 1000 
200 7.79 1000 
400 6.02 1000 
600 5.07 1000 
800 4.41 1000 
1000 4.21 1000 
1100 4.00 1000 
Traditional  
YSZ (158) 
100 2.48 450 
200 2.45 450 
300 2.44 450 
400 2.43 450 
500 2.42 450 
600 2.41 450 
1000 1.60 450 
Nanostructured 
YSZ (157) 
100 1.11 405 
300 1.06 450 
500 1.02 480 
700 1.00 510 
900 0.99 530 
1000 0.98 560 
1100 0.95 590 
La2Ce2O7 (159) 500 0.25 350 
600 0.35 450 
800 0.45 510 
1000 0.55 650 
1200 0.57 710 
Air (157) 0 0.02  
100 0.03  
1000 0.07  
Table 3 - Thermal material properties of the TBC system 
In hot gases environment, the penetration of sulphur, sodium and vanadium 
contaminants contained in many industrial low-quality fuels through the porous 
and microcracked TBCs may attack the underlying metallic components by hot 
corrosion mechanisms. Hot corrosion results from the presence of salt 
contaminants such as Na2SO4, NaCl and V2O5 which form molten deposits that 
react with the protective oxide coatings (160). Laser glazing is an approach to 
improve the hot corrosion resistance of zirconia-based thermal barrier coatings by 
sealing and hardening the TBC surface and therefore preventing salt 
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penetration into the coating (161). The technique employs a laser beam as heat 
source to provide heating, melting and subsequent grain growth during rapid 
solidification of a dense top layer with a new microstructure and less surface 
roughness, free from porosity but with formation of crack networks perpendicular 
to the surface. These segmented vertical cracks that occur during glazing are 
beneficial for accommodating thermal stresses within the coating under service 
conditions, raising the tolerance to oxidation and improving the thermal shock 
resistance, which results in a higher durability (162). 
2.6. New Deposition Methods and Post-Deposition Treatment 
Processes 
Another way to enhance the thermal insulation of TBCs consists in improving the 
control of the deposition parameters, develop new deposition methods and conduct 
post-deposition treatments in order to impede the heat transference to the 
substrate.  
A recent variant of the EB process uses inert gas jets to entrain the electron beam 
created vapour and then efficiently deposit it upon a substrate, Figure 32 (163). 
This EB-directed vapour deposition (EB-DVD) process can be operated in a 
way that results in YSZ coatings of lower density (higher pore content), and 
therefore lower thermal conductivity than EB-PVD counterparts. The pore volume 
fraction and morphology can be widely varied by adjusting the jet flow conditions, 
rotating the substrate or changing the substrate temperature (164). Coatings 
deposited at relatively low substrate temperatures (near 1000 ºC) using jet flow 
conditions that result in a broad angle of incidence distribution of the flux result in 
coatings with controllable pore volume fractions between 25 and 45% (165). This is 
significantly higher than state of the art EB-PVD coatings where the pore fraction 
is in the 20-25% range (166). 
 
Figure 32 - Schematic illustration of the EB-DVD system 
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Vertically cracked (VC) APS TBC coatings have been studied as an alternative to 
electron beam physical vapour deposition (EB-PVD) coatings because of lower 
insulating properties, cost effectiveness, and ease of coating on large and more 
complex parts. Traditional plasma-sprayed YSZ coatings are prone to large scale 
spallation as the cracks induced due to thermal stresses propagate to failure. 
Vertical microcracks (see Figure 33) are deliberately introduced in the ceramic top 
coat of the coating to relieve thermal mismatch stresses, thus improving the strain 
tolerance and reducing tendency of the ceramic to crack and buckle. The vertical 
microcracks contribute, therefore, to the YSZ coatings exhibiting a superior 
thermal cyclic durability. In the Solution Precursor Plasma Sprayed (SPPS) 
process, instead of the conventional powder feedstock, an aqueous chemical 
precursor containing Zr and Y is injected directly into the plasma jet, to result in a 
ZrO2-7 wt.% Y2O3 (7YSZ) ceramic solid solution in the coating – Figure 34. The 
atomized precursor droplets undergo rapid evaporation and breakup in the plasma, 
followed by precipitation, gelation, and pyrolysis. Depending on the history of the 
droplets in the plasma, some particles undergo sintering. The different types of 
particles reach the substrate and are incorporated into the coating during 
subsequent plasma-torch scans. The precursor also reaches the substrate or the 
coating as a liquid, which pyrolyzes in situ on the substrate/coating. The coating 
microstructure evolves during SPPS deposition as the coating temperature reaches 
~770 ºC due to the continuous heating from the plasma flame. No evidence for 
melting of the ceramic particles, which is ubiquitous in the APS process, is found 
for the SPPS deposition method. Each layer upon solidification forms vertical 
cracks due to shrinkage. The cracks in adjacent layers connect to form through 
coating thickness cracks (167). 
  
Figure 33 - Cross-sectional SEM micrograph showing vertical cracks along adjacent layers 
in the TBC (168) 
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Figure 34 - Schematic diagram showing the SPPS process (169) 
2.7. Cost Structure 
The cost to coat an actual part with a modern TBC system is a complex function of 
many factors. These factors can be grouped into three cost categories:  
One time cost 
factors 
Application development 
Tooling development and design 
Process qualification and approval 
Production process documentation 
Direct coating 
related cost factors 
Direct materials (powder, ingot, plating salt, aluminizing 
donor ally) 
Auxiliary materials (grit, cleaning agent, gloves) 
Labor for: 
• Incoming inspection 
• Cleaning 
• Surface preparation (e.g., aqueous or solvent 
cleaning and grit blasting) 
• Fixturing and masking 
Post-coating processing (e.g., heat treatment) 
Equipment amortization 
Energy 
Process gases 
Indirect cost factors 
(materials and 
services) 
Material preparation and recycling (e.g., ingot degassing) 
Preventive maintenance and spare parts 
Strip and rework in case of non-conformance 
Tooling cleaning and rework 
Tooling replacement 
Packing and shipping 
Table 4 - Cost structure to coat a part 
Thus, the cost to coat an actual part is very much dependant on the part volume 
and the production life cycle of a part. The higher the volume and the longer the 
production life is, the less is the relative percentage of the one-time cost.  
The actual coating process efficiency is also a trade-off between process uniformity 
requirements and the process window. The wider the coating specification (within a 
reasonable range), the more economic is the coating process – especially in 
multipart batch operations such as EB-PVD and diffusion aluminizing – since more 
parts can be coated at a time.  
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Tooling costs are also very process and part dependant. For thermal spray 
processing, stainless steel tooling material is usually sufficient, whereas for EB-
PVD and platinum aluminide diffusion, the higher operation temperatures require 
the use of superalloys. Tooling wear is essentially dependant on the tooling 
stripping process, with grit blasting in general more aggressive than wet stripping. 
A tooling fixture for an aero turbine blade typically costs several hundred dollars, 
whereas a fixture for an industrial gas turbine bucket can cost three to five times 
as much.  
With this variability in the cost elements, it can be misleading to state actual 
coating costs with precision. Therefore, it is more useful to state a typical range of 
costs related to various processing factors. In a high-volume application, the 
onetime costs become diluted, and the remaining key factors are:  
 Equipment amortization 
 Labor 
 Direct materials (powder, ingot) 
 Energy and process gas 
 Indirect cost and material 
The cost breakdown for selected examples is evaluated in Figure 35, holding the 
following assumptions: 
 An equipment amortization scheme of 10 years depreciation with a 10% 
annual interest rate; 
 Material costs between $30 and $70 per kg for ceramic powder and ingot, 
$50 to $100 per kg for MCrAlY powder and the price for 10 g Pt is above 
$300; 
 Energy costs are essentially site related, and are based on US averages; 
 Gas prices of approximately $0.1 to $0.2 per kg for CO2, $0.5 per m3 for 
argon and $1 to $2 per litter for kerosene. 
 
Figure 35 - Cost structure of selected coating applications. Direct materials are powder, 
platinum salt, and YSZ ingot. Labour assumes two persons per spray booth and ancillary 
services. Amortization assumes 10 years depreciation and 10% interest. Indirect materials 
and services include grit, cleaning agents, maintenance materials, etc. (courtesy of Praxair 
Surface Technologies, Inc.) 
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 Combustor coating 
The cost is determined by the size of the combustor and the surface area to 
be coated. Depending on the size of the combustor and the quantities, cost 
can range between several hundred and several thousand dollar per part. 
For the cost element breakdown, a mid-sized combustor and a coating 
thickness of 200 μm for the bond coat and 1 mm for the topcoat was used. 
For the investment, an APS plasma cell for approximately $0.4 to 
$0.8 million was considered. Adding an automated parts handling system 
can add another $0.5 to $0.8 million.  
 Industrial gas turbine (IGT) blade 
Necessary capital equipment includes a robotic spray booth, equipped with 
both HVOF and plasma torch/console systems, along with the necessary 
cleaning and grit blasting facilities. Also, masking and de-masking of the 
cooling holes, which is a labor-intensive process, needs to be considered.  
The high-deposition rates and relatively high-associated material costs, 
with the HVOF bond coat system, result in a cost breakdown where the 
material cost is the most significant portion of the cost. With APS TBC 
application, the relatively low-deposition rates and comparatively low-
material expense, labor becomes the most significant portion of the cost. 
Thus, dependent on the blade size, costs can range between several hundred 
and several thousand dollar per part. For the cost element breakdown, a 
coating thickness of 200 μm for the HVOF bond coat and 250 μm for the 
TBC topcoat was used.  
 EB-PVD TBC on PtNiAl 
A PtNiAl diffusion coating facility consisting of a platinum plating line, 
vacuum heat treat furnaces, and VPA diffusion furnaces costs between 
$3 million and $6 million. Equipment cost is the highest for EB-PVD. 
Depending on the machine capacity, an EB-PVD TBC facility costs between 
$15 million and $30 million.  
For a given minimum platinum thickness requirement, the average 
thickness amount has to be increased in case of a part with a complex 3D 
shape and critical thickness locations. As a guideline, a typical aero blade 8 
to 10 cm in length costs between $80 and $150 to aluminize. The same part 
is usually coated in batches of 12 per run in a large EB-PVD coater. 
Depending on the coating thickness and the indirect coating factors 
previously discussed, a guideline for the coating cost is for EB-PVD TBC 
only $120 to $200 per part. For larger aero parts with thicker coating 
requirements such as nozzle guide vanes, where only four to six parts can be 
coated in one batch, this cost easily triples. For the cost breakdown, a 
typical platinum aluminide thickness of 50 to 100 μm and an EB-PVD TBC 
coating thickness of 125 μm is used.  
The cost of the thermal spray process, because of the relatively low equipment cost, 
is essentially driven by the material (powder) cost and labor cost. The material cost 
aspect is even more extreme in the case of platinum aluminide, where platinum 
can count for several $10 per part. In the case of EB-PVD with the substantial 
equipment cost, the equipment depreciation calls for close to 50% of the overall 
production cost.  
The relative contribution of these cost factors also provides guidance for application 
development for process and product optimization.  
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Processes with a high percentage of material cost demand improvement of the 
material utilization. In the case of thermal spray processes, optimized torch 
parameters can increase the material deposition efficiency substantially and need 
to be evaluated for each new application. In the case of platinum electroplating, the 
application development tends toward improving the uniformity and 
reproducibility of the platinum distribution. This allows adjusting the overall 
thickness in such a way that the specified thickness requirement is met even at 
critical locations without having to deposit an excessive thickness on uncritical 
locations.  
Equipment amortization cost dictates the utilization of the facility. In the case of 
thermal spray processes, where the labor and material cost are the major cost 
factors, the equipment amortization is moderate; the equipment can be utilized in a 
one shift or two shift operations. In the case of expensive capital equipment such as 
EB-PVD and platinum aluminide, three shift operations are mandatory. In the 
case of EB-PVD, development tends toward effective utilization of the expensive 
capital equipment (170).  
2.8. Mechanisms Governing Durability 
Much research has been carried out to clarify the modes of failure responsible for 
TBC spallation, the driving force for which arises largely from the mismatch in 
thermal expansion coefficients of the constituent layers in the system (171). Both 
laboratory-scale experiments and experience from the gas turbine indicate that 
spallation occurs at or close to the thermally grown oxide (TGO) – usually alumina 
but sometimes containing spinel and garnet phases – which grows at the interface 
between the bond coat and the ceramic layer, as the ceramic layer is unable to 
prevent oxygen ingress which occurs predominantly by conduction of O2− ions (172). 
Thermal barrier coating spallation occurs due to multiple cracks nucleation, 
propagation and coalescence through one or more of the following: within the TBC, 
at the TBC/TGO interface, within the TGO, or at the TGO/BC interface. Despite 
the great care taken in preparing the various layers on the substrate alloy, i.e., 
bond coat, TGO, and YSZ, the inevitable stresses that result from thermal cycling 
material layers with such differing properties of thermal expansion and modulus 
lead to eventual coating failure. Furthermore, the dynamic status of each layer and 
their interactions at each of the interfaces will impact the overall lifetime of the 
components. Figure 36 shows an as-prepared coated turbine blade and a blade that 
has seen considerable service, exhibiting regions where the coating has spalled off.  
For more than two decades, there has been intense study of the phenomena 
thought to control adhesion of the ceramic layers. TBCs essentially exhibit two 
major categories of failure: one based on oxidation (173) and the other one on 
impact by projectiles ingested into the gas stream (174). 
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Figure 36 - Aircraft turbine blades as coated (white) and after significant hours of service 
where areas of coating can be seen to have spalled off (Courtesy GE Aircraft Engines) 
Let’s first consider the oxidation-induced failure mechanism. 
In aero-turbines, the coating system is subjected to many thousands of thermal 
cycles. During take-off, the bond coat temperature can reach 1000 ºC or more, while 
the outer surface of the top coat is 100-200 ºC hotter (175). At these temperatures, 
significant densification of the YSZ (sintering) and TGO layer growth occurs. 
Moreover, thermal expansion misfit between the TGO and bond coat results in 
large compressive stresses in the TGO layer during cooling (176). These stresses 
drive rumpling of the bond coat at a rate that depends upon multiple parameters, 
including the creep strength of the bond coat alloy and the initial amplitude of the 
surface roughness (177). The bond coat surface condition affects the lifetime of the 
coating, as polished bond coats sustain many more thermal cycles than their grit-
blasted counterparts because the reduced initial imperfection amplitude slows the 
rumpling rate (178).  
The mechanism of spallation failure depends on the type of bond coat used in the 
TBC system, where the lifetimes of ceramic coatings applied to Pt-modified 
aluminide bond coats are governed by bond coat rumpling whereas those for the 
MCrAlY bond coats are dictated by interface delamination (179). These different 
mechanisms are summarized in Figure 37. 
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Figure 37 - Schematic illustration of spallation mechanism for TBC coatings deposited on 
β-(Ni,Pt)Al bond coats susceptible to rumpling (left) and on MCrAlY bond coats (right) 
In the case of Pt-modified aluminide bond coats, the thickening and lengthening of 
TGO results in local displacement between TGO and TBC. The principal driving 
force for rumpling is the vertical component of the high TGO residual stress. The 
residual stress in the TGO arises due to the high thermal expansion mismatch 
between the oxide and the bond coat, which also originates an in-plane component 
of stress in the bond coat. This allows extension of the bond coat via creep 
relaxation, so that the TGO buckles into the low creep strength bond coat (180). 
The theory of rumpling is illustrated schematically in Figure 38. 
 
Figure 38 - Schematic illustration showing the development of rumpling 
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As the bond rumples, concavities are amplified. The displacements induce tension 
in the superposed TBC, causing micro-cracks to form at the TBC/TGO interface, 
which then propagate along planes of lowest local toughness containing closely 
spaced small pores. Coalescence of a sufficient number of contiguous cracks results 
in a delamination that exceeds the critical length for buckling (118). The formation 
of micro-cracks is accompanied with ratcheting and large void formation in the 
bond coat. Such voids result from the β-(Ni,Pt)Al to γ′-Ni3Al transformation with 
decreasing in molar volume as well as bond coat plastic deformation (26). 
Most systems with MCrAlY bond coats are not prone to such rumpling, as the 
thermal expansion and creep strength properties of this particular overlay would 
have to be sufficiently different to allow rumpling. In systems with low creep 
strength bond coats such as β-(Ni,Pt)Al, the rumpling amplitudes have the same 
order of magnitude than the thickness of the TGO and therefore are sufficiently 
large to dominate the failure mechanism (1). 
In the case of the TBC on a MCrAlY bond coat with base phase of β-NiAl/γ-Ni solid 
solution, rumpling is suppressed and delamination occurs at the TGO/BC interface, 
Figure 37. As Al diffuses outwards from metallic bond coat to form the TGO, the 
aluminum content on the BC top surface will decrease to form a depletion zone. 
When Al concentration of the BC is not sufficient to provide the critical aluminum 
content needed for the formation of the Al2O3 scale, internal oxidation occurs. Some 
other oxides such as spinels Ni(Cr,Al)2O4 and NiO are observed in the TGO near 
the bond coat. The high growth rate of these oxides will induce intensive stresses 
due to the rapid expansion of TGO volume. Consequently, small cracks start 
appearing at the TGO thickness heterogeneities. For these to grow, coalesce and 
lead to the spallation between the TGO and the BC, the toughness of the 
intervening interface must be lower than that on pristine interfaces (181).  
In addition to the BC top surface depletion zone increases, voids could be formed at 
the TGO/BC interface resulting from the phase β-NiAl transformation to γ-Ni solid 
solution, where γ-Ni has a smaller molar volume than β-NiAl. The formation of the 
voids will eventually result in the detachment between the TGO and the BC. 
Accompanied with the formation of internal oxides and voids induced by the 
chemical changes within the BC near the TGO/BC interface during thermal 
cycling, the phase transformation and precipitation of like σ-(Cr,Co) phase, α-Cr 
phase will also have a significant influence on the fracture toughness, coefficient of 
thermal expansion, and strength of the bond coat (182).  
For example, the second-generation commercial single crystal superalloys contain 
heavy elements such as Re, W, or Mo mainly to improve creep strength. To 
suppress the interdiffusion between the bond coat and substrate, Re is added in the 
bond coat. That improves the bond coat mechanical properties and also decreases 
the extension of the bond coat top surface β depletion zone beneath the TGO. 
However, Re promotes and stabilizes α-Cr phase, which is a brittle phase, 
especially at high cobalt level, and Re may promote σ-(Cr,Co) phase that decreases 
bond coat ductility.  
Another factor that could embrittle the interface between the TGO and the bond 
coat is sulphur segregation, which results from sulphur migration from the 
superalloy substrate during thermal exposure. Hf is usually doped into the bond 
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coat to effectively getter S and inhibit its segregation to the interface, thereby 
enhancing the adhesion between the TGO and bond coat (183). 
For all thermally-driven delamination mechanisms, the cyclic life is strongly 
affected by the thickening rate of the TGO layer. The thickening occurs 
predominantly by inward diffusion of oxygen anions along the grain boundaries 
(184). When yttria is incorporated in the TGO, it can act as a preferred channel for 
rapid inward diffusion of oxygen, resulting in local TGO thickness imperfections. 
These imperfections (pegs) may induce local zones of tensile stress that can 
nucleate small cracks (185). Controversially these pegs also improve the adhesion 
by fastening the TGO to the bond coat (186). 
The mechanisms that govern the erosion of TBCs are now explored. 
Turbine blades have a tip velocity on the order 300 ms-1, and suffer erosive wear 
upon impact by small hard particles entrained within the combustion gases of the 
turbine (187). Depending on the size and velocity of the impacting particle, two 
types of mechanical responses have been identified: 
1. Severe erosion by foreign object damage (FOD): large particles at high 
velocity cause the material to be susceptible to large-scale plastic 
deformation and densification around the contact site. The deformation 
zones develop over millisecond timescales, as the impacting particle 
decelerates to rest, prior to rebound (188). Within the densified zone, kink 
bands form and extend diagonally downward, toward the interface with the 
TGO. In some cases, the bands reach the interface with the TGO and lead to 
delamination within the TBC, just above the TGO. Such delaminations 
provide a mechanism for creating large-scale spalls (189); 
 
2. Mild erosion by near surface cracking: during initial impact of small 
particles, elastic waves are induced in the TBC columns. Over a time frame 
of nanoseconds, bending waves are induced at the top of the columns, and 
these cause flaws at the column perimeter to extend across the columns. 
The column-sized cracks link, leading to small amounts of material removal. 
Elastic waves also reflect off the bottom of the columns, becoming tensile 
waves that propagate back to the surface. These waves can also induce 
cracking across the columns, and at the interface between the columnar 
layer and the underlying thermally grown oxide, particularly when the 
interface has been embrittled by segregation of contaminants such as 
sulphur (190). Therefore, the impact of small particles can lead to crack 
formation at various locations within the columnar zirconia top layer: sub-
surface cracking, cracking at mid-depth of the columns and cracking at the 
interface (or close to the interface) with the underlying TGO layer (Figure 
39). 
 71 
 
Figure 39 - Scanning electron microscope image of specimen cross-section revealing near 
surface cracking, cracking at mid-depth and TBC/TGO interface delamination (191) 
The higher engine operating temperatures allowed by TBCs is engendering new 
mechanisms of degradation. Specifically, fine sand particles ingested by the engine 
deposit on the hotter TBC surfaces as molten calcium-magnesium-
aluminosilicate (Ca-Mg-Al-Si-O) glass, commonly referred as CMAS. The 
typical sand deposits found in the engines have an average CMAS composition that 
is listed in Table 5.  
Composition SiO2 CaO MgO Al2O3 Na2O K2O Fe3O4 
mol.% 50.0 38.0 5.0 4.0 1.0 1.0 1.0 
wt.% 49.6 35.2 3.3 6.7 1.0 1.6 2.6 
Table 5 – Average composition of the sand deposits usually found in gas turbines (192) 
Depending on the environment, oxides of other elements viz. Ni, Fe, Ti, and Cr may 
also be present in the CMAS in minor amounts. CMAS has a relatively low melting 
eutectic (∼1190-1260 °C) and varies depending on the CMAS composition. Because 
of the many constituents and possible modifying elements such as sodium, the 
CMAS melting temperature can be even lower. When molten, CMAS wets the outer 
YSZ (TBC) layer and infiltrates (or wicks) the inner porous layer, thus causing loss 
of porosity and columnar structure, leading to an increase in the elastic modulus of 
the TBC. The resulting loss of strain tolerance and CTE mismatch between CMAS 
and TBC promotes spallation, resulting in the loss of the thermal protection that it 
confers to the underlying metal component (193). 
The melting temperature of CMAS is comparable with the expected surface 
temperatures for TBCs in state of the art aero- and land-based engines. Since 
airborne sand/ash particles are ubiquitous, and there is an increasing demand for 
higher and higher engine-operating temperatures, the CMAS attack of TBCs is 
becoming a critical issue in the development of next generation gas turbine engines 
(194). 
While the exact thermo-chemical mechanisms by which CMAS attack of YSZ TBCs 
occurs are not entirely clear at this time, there is general consensus this occurs by 
a combination of four phenomena occurring simultaneously (195): 
1. The molten CMAS glass wets YSZ and infiltrates into pores and cracks in 
the TBCs. Following standard treatments for the infiltration of porous 
 72 
media by fluids, the time needed for a wetting liquid to penetrate to a depth 
𝐿 into the coating due to capillary action alone may be estimated as a first 
approximation from (196): 
𝑡 ≈ �
𝑘t8𝐷c �1 −𝜔𝜔 �2 𝐿2� 𝜂𝜎LC 
Equation 20 
𝑡: infiltration time 
𝑘t: tortuosity factor (1-10) reflecting the increased resistance to flow when 
the capillaries are not straight tubes = 3 (for EB-PVD intercolumnar gaps) 
𝐷c: capillary diameter = 1 μm 
𝜔: pore fraction open to flow (the area fraction of intercolumnar gaps) = 0.1 
𝐿: infiltration length 
𝜂: viscosity of the fluid = 15 N/(s.m2) at 1240 ºC 
𝜎LC: surface tension of the fluid = 0.4 J/m2 at 1240 ºC 
Note that the terms within the square brackets in are only dependent on the 
geometry of the system, whereas the terms outside are only dependent on 
the fluid. On this basis, one can estimate that the infiltration time for a 200 
μm coating would be less than 1 min; 
2. YSZ grains dissolve in the molten CMAS glass and then reprecipitate as 
globular grains that are depleted in Y solute; 
3. CMAS glass penetrates YSZ grain boundaries, resulting in the energetically 
favorable dispersion of exfoliated YSZ grains in glass; 
4. Possible diffusion of Y from YSZ grains to the CMAS glass occurs, in 
conjunction with counter-diffusion of Si, Ca, and Mg from the CMAS glass 
into YSZ grains. 
Some approaches for mitigating CMAS attack on TBCs have been reported. One 
approach involves the use of protective coatings to protect the TBC from CMAS-
related damage. The protective coatings can be classified as impermeable, 
sacrificial, and nonwetting to CMAS (197): 
 An impermeable coating is defined as a protective layer that inhibits liquid 
CMAS from infiltrating into or reacting with the TBC at the operating 
temperature of the engine. The impermeable barrier is a dense, noncracked, 
nonporous layer comprising oxides, nonoxides, or metallic coatings in 
conjunction with TBC, thus inhibiting infiltration. The most effective 
impermeable coatings for the protection from CMAS are Pd-Ag (80-20 wt.%), 
Pd, Pt, SiC, SiO2, Ta2O5, CaZrO3, MgAlO4, SiOC, and mixtures thereof; 
 A sacrificial oxide coating is defined as a layer that when in contact with the 
CMAS, increases the melting temperature or the viscosity of the CMAS as it 
forms on the hot surfaces of the composite. As a result, the CMAS does not 
flow or form a reactive liquid. The sacrificial oxide coating undergoes 
chemical or physical changes when in contact with the CMAS at operating 
temperatures by CMAS dissolution or reacting with it to form a by-product 
material that is not liquid or at least more viscous than the original 
contaminant composition. A highly dense (noncracked, nonporous) coating is 
expected to prevent the infiltration of liquid (molten) CMAS into the TBC. 
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The most effective sacrificial coatings for the protection from CMAS are 
Al2O3, MgO, CaO, Sc2O3, SiO2, MgAlO4, and mixtures thereof; 
 A nonwetting coating is defined as an outer layer that minimizes contact 
between underlying layers and the molten CMAS by providing a surface 
that is nonwetting to environmental CMAS. As a result, the molten CMAS's 
ability to penetrate the TBC via capillary action is decreased and the 
integrity of the composite at high-temperature is enhanced. The most 
effective nonwetting coatings for protection from CMAS are Pd-Ag (80-
20 wt.%), Pd, Pt, AlN, BN, SiC, MoSi2, SiO2, ZrSiO4, SiOC, and mixtures 
thereof. 
Another promising solution involves the incorporation of up to 20 mol.% Al2O3 and 
5 mol.% TiO2 in the form of a solid solution into the YSZ. The solution-precursor 
plasma spray (SPPS) process used to deposit such TBCs with engineered 
chemistries. Here the TBC serves as a reservoir of Al- and Ti-bearing solutes, 
which are incorporated into the molten CMAS glass that is in contact with the 
TBC. An accumulation of Al concentration in the CMAS glass, as it penetrates the 
TBC, shifts the glass composition from the difficult-to-crystallize 
pseudowollastonite (CaSiO3) field to the relatively easy-to-crystallize anorthite 
(CaAl2Si2O8) field. The incorporation of Ti in the glass promotes crystallization of 
the CMAS glass by serving as a nucleating agent. This combined effect results in 
the near-complete crystallization of the leading edge of the penetrating CMAS front 
into crystalline anorthite, arresting the front. The TBCs of the conventional YSZ 
composition are completely penetrated by the CMAS, resulting in their total 
destruction (Figure 40). By comparison, in the YSZ+Al+Ti SPPS TBCs, the CMAS 
is only able to penetrate into about the top third of the coating (Figure 41). TBCs 
that are partially penetrated with CMAS are able to endure the partial loss of 
strain tolerance, avoiding the early spontaneous failure characteristic of the fully 
CMAS-penetrated TBCs (198). 
 
Figure 40 - (A) Cross-sectional SEM micrograph of YSZ TBC that has interacted with CMAS 
glass (1200 °C, 24 h), and corresponding elemental maps: (B) Zr, (C) Ca, and (D) Si; the 
horizontal dashed line denotes top surface of the original TBC (198) 
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Figure 41 - (A) Cross-sectional SEM micrograph of YSZ+Al+Ti TBC that has interacted with 
CMAS glass (1200 °C, 24 h), and corresponding elemental maps: (B) Zr, (C) Ca, and (D) Si; 
the horizontal dashed line denotes top surface of the original TBC and the arrow in (A) 
denotes arrest of the CMAS front (198) 
2.9. Cooling Holes 
Nickel based superalloy components such as blades and nozzle guide vanes used in 
the hot sections of advanced gas turbine engines are provided thermal and 
oxidation protection by applying a thermal barrier coating on the component 
surface and additionally by air cooling through internal cooling channels. The 
internal cooling channels are connected to the surface of the component through a 
large number of cooling holes. These cooling holes are typically 0.3-1 mm in 
diameter and are machined through wall thickness ranging from 0.5 mm to 4 mm. 
Since fabrication of the cooling holes requires machining through an electrically 
non-conducting 7YSZ layer, traditional methods such as electrochemical and 
electro-discharge machining are usually found unsuitable for the purpose. Laser 
machining, on the other hand, is a non-contact method involving material removal 
through melt-ejection/vaporization by a high power laser beam that is focused on 
the component surface. Since both ceramic and metallic layers can be machined by 
this method, it is well suited for the drilling of cooling holes in thermal barrier 
coated superalloys (199). 
Machining of superalloy components using Nd-YAG type nanosecond (ns) pulsed 
lasers has become a fairly well established practice in the aviation industry. 
However, because of the longer pulse widths associated with these lasers, which 
are typically several nanoseconds, a significant amount of thermal energy 
deposited during the laser-material interaction diffuses to the surrounding 
material during machining. As a consequence, collateral damages consisting of 
recast layer formation, melt debris, and micro-cracking often accompany ns laser 
machining (200). In case of machining of thermal barrier coated components, 
additional damage in the form of melting, cracking and delamination of the YSZ 
layer may also be introduced. TBCs are naturally prone to failure under the action 
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of thermal cycling between the ambient temperature and the working conditions 
experienced during service due to differing thermal expansion coefficient of the 
constituents. Laser drilling induced cracking at the coating interfaces is therefore 
highly undesirable because it can potentially cause accelerated coating spallation 
around the hole under service cyclic heating and cooling, leading to premature 
failure of the coating, which is a major threat to the integrity of the turbine engine. 
In some cases the aerospace industry avoids the problem by a three-step process: 
laser drilling of components without a TBC, followed by TBC coating and hole 
clearing, which increases the cost, energy consumption, and process time 
significantly (201).  
The advent of chirped-pulse amplification (CPA) technology during the past decade 
has led to the commercial availability of powerful and reliable femtosecond (fs) 
pulsed lasers. Due to the ultra-short duration of fs pulses, which is typically of the 
order of 100 fs, these lasers allow high quality machining and patterning of solids 
to be performed without any visible thermal/mechanical damage of the types 
mentioned earlier, like it is clearly demonstrated in Figure 42. Thus, fs lasers can 
be potentially exploited in machining clean, damage-free cooling holes through 
thermal barrier coated superalloys, where the presence of these superior quality 
holes will not affect the thermal cycling life of the coated components (202).  
 
Figure 42 - BSE image of cross-sectional view of a hole machined by a femtosecond laser in 
a plasma-sprayed TBC-coated superalloy, showing no delamination along interfaces of the 
TBC system and a complete absence of other conventional laser processing defects. A pore 
is marked by an arrow at the bond coat/superalloy interface in the vicinity of the laser-
trenched area (202). 
2.10. Internal Combustion Engines 
Thermal barrier coatings have been widely used in aero engines for many years. 
The aeronautic application was the first to be developed because of very high 
combustion temperatures in the engine. Attempts to implement the TBCs in 
nonaeronautic applications were done early in the 1980s and 1990s in the 
combustion chambers of diesel engines, first for the case of marine engines, then in 
truck engines (203). 
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Diesel engines are widely used as power source in medium and heavy-duty 
applications because of their lower fuel consumption and lower emissions of carbon 
monoxide (CO) and unburned hydrocarbons (HC) compared with gasoline engines. 
However, they have higher smoke and NOx emissions (204).  
Energy conservation and efficiency have always been the quest of engineers 
concerned with internal combustion engines. Even the diesel engine rejects about 
two thirds of the heat energy of the fuel, one-third to the coolant, and one third to 
the exhaust, leaving only about one-third as useful power output. Theoretically if 
the heat rejected could be reduced, then the thermal efficiency would be improved 
(205). 
The concept of lower heat rejection (LHR) consists in insulating the combustion 
chamber components – piston, cylinder head, cylinder liners and exhaust valves – 
to reduce heat transfer between in-cylinder gas and cylinder liner, i.e. the in-
cylinder heat rejection (206). A coated piston is shown in Figure 43 and the 
schematic of a typical engine test system is presented in Figure 44. The test engine 
is coupled to a dynamometer for load measurement, the smoke density is measured 
using a smoke meter, for NOx and CO emissions a gas analyser is used, and the 
exhaust gas temperature is measured with a thermocouple at a distance of 1m 
from the exhaust pipe. 
 
Figure 43 - Piston after coating 
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Figure 44 - Schematics of the engine test set-up  
The thermally insulated components increase the available energy and therefore 
the in-cylinder work, allowing higher combustion temperatures in comparison to 
standard diesel engines. Some important advantages of semi-adiabatic LHR 
engines are improved fuel economy, lower emissions of hazardous combustion 
products, reduced engine noise and multi-fuel capability of operating low cetane 
fuels (207).  
The increase of the in-cylinder gas temperatures changes the combustion 
behaviour of LHR diesel engines in three ways (208): 
a. ignition delay period of fuel injected to cylinders shortens; 
b. total combustion duration increases; 
c. heat release rate in the burning period decreases. 
The coatings of insulation materials used in the LHR engine should have high 
temperature strength, high expansion coefficient, low-friction characteristics, good 
thermal shock resistance, lightweight and high durability. The YSZ has excellent 
properties such as toughness, high expansion coefficient and high insulating 
capabilities (209). Therefore, the use of thick ceramic coatings up to 1 mm 
significantly increases the working temperature in the combustion chamber of the 
diesel engines from 400 to 900 ºC (210). 
The world wide worry about the protection of environment and the conservation of 
non-renewable natural resources, has given rise to the alternative development of 
sources of energy as substitute of traditional fossil fuels. The alternatives to diesel 
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fuel must be technically feasible, economically competitive, environmentally 
acceptable, and readily available. Many of these requisites are satisfied by 
vegetable oils or, in general, by triglycerides. Indeed, vegetable oils are widely 
available from a variety of sources, and they are renewable. Vegetable oil and 
animal fat based biodiesel fuels, as methyl or ethyl esters, have the following 
advantages over diesel fuel (211):  
1. As a neat fuel or in blends with diesel fuel they produce less smoke and 
particulates; 
2. Higher cetane numbers; 
3. Lower CO and HC emissions; 
4. Biodegradable and non-toxic; 
5. Provide engine lubricity to low sulfur diesel fuels. 
Methyl ester is a fuel that is manufactured from vegetable oils with the help of 
catalysts, and may be directly used in diesel vehicles. Methyl ester may be 
produced from various oily seed plants, including sunflower, Jatroptha, rapeseed 
oil, peanut, corn, soybean, cotton, and coconut seeds. Although the fuel 
characteristics of methyl ester have been made similar to those of diesel fuel by 
various methods like transesterification, the viscosity values of methyl ester are 
still higher than that of diesel fuel (212).  
Using high-viscosity vegetable oils in diesel engines without any modification 
negatively affects both performance and engine parts. The most important problem 
in directly using vegetable oils is that contamination forms and adheres to the 
piston rings. The insulation of the combustion chamber parts by applying a 
thermal barrier coating, which causes the increase of the combustion temperature 
in ceramic-coated diesel engines, makes it possible to use the methyl ester more 
efficiently in these engines (213). 
The semi-adiabatic LHR concept is limited to diesel engines because significantly 
higher wall temperatures would cause pre-ignition and knock in spark-ignition 
(SI) engines. However, if used sparingly to induce modestly elevated wall 
temperatures, TBCs have been shown to reduce accumulation of knock-promoting 
carbonaceous deposits (214). In SI engines, retarding spark timing or switching to 
higher octane fuel is required over time to prevent knock as deposits build up. 
Therefore, if peak wall temperatures can be raised enough to reduce deposit build 
up, but not so much to induce auto-ignition, the use of TBCs reduces the need for 
changing spark timing or fuel. Furthermore, as heat is transferred from the wall to 
the gas during the intake stroke, a TBC allows the reduction of charge 
temperatures and an increase of volumetric efficiency (215). 
It has been experimentally demonstrated (216) that SI engines with the 
combustion chamber coated with a thin TBC (up to 0.25 mm) have improved power 
and fuel evaporation and combustion, thereby reducing CO and HC emissions and 
decreasing fuel consumption. Furthermore, in the case of two-stroke engines, 
running rich and elevated wall temperatures allow for leaner operation.  
In internal combustion engines, the flame front does not always spread uniformly 
when combustion starts in the combustion chamber at the end of compression 
duration. Irregular spread of the flame front in the combustion chamber forms 
negative effects such as flame collisions and knocking. These combustion 
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negativities cause the parts constituting the combustion chamber to tense 
irregularly and to operate under load which is heavier than the normal level. 
Changing the surface of the combustion chamber parts will cause the negative 
effects to be dealt by the coating. Therefore, main materials (substrates) are 
affected from thermal shock, extreme temperature and irregular thermal tension 
at a minimum level and the lifetime of these coated-parts increases. So, coating 
application should be targeted to the components that are particularly susceptible 
to thermal fatigue (217). 
However, one of the primary reasons ceramic TBCs have not been more widely 
adopted is their lack of durability when exposed to engine conditions, showing a 
tendency to fail and lose adhesion to the metal substrate (218). Figure 45 reveals 
the coating surface of the piston head depicted in Figure 43 after engine test. It can 
be observed that the TBC is covered with soot caused by the burner flames. Some 
cracks are also visible and they are related with piston expansion and bending of 
the engine during the test run. 
 
Figure 45 - Piston head after engine test with TBC coating showing soot and cracks 
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2.11. Stirling Engines 
Today, most of the energy demand is provided by fossil fuel sources. The rest is 
provided by the nuclear energy, and renewable energy resources such as solar, 
wind, hydroelectric and biomass energy. While fossil fuels are very harmful for the 
environment, renewable energy sources have a potential of energy contribution 
with almost zero emissions that cause air pollution and green house effects (219). 
To enable conversion of solar, biomass, geothermal, low-grade coal, flue gas and 
waste energies to electricity, one of the technologies to be used is the externally 
heated hot gas Stirling engine. In contrast to an internal combustion engine, where 
the heat input is by combustion of a fuel within the body of the working fluid, in an 
external combustion engine all heat transfer takes place through the engine wall. 
The schematic view of a Stirling engine is illustrated in Figure 46. The engine has 
a double power piston and a single displacer. To obtain larger work per cycle, 
connection of the power cylinders to the displacer cylinder is made through a pipe 
located in the hot end of displacer cylinder (220). 
 
Figure 46 - Schematic illustration of a Stirling engine (220) 
The Stirling engine has many advantages, such as high internal efficiency, low 
pollutant emissions, fuel flexibility, low noise level, long life, little maintenance, 
better torque characteristic, little lubrication requirement, positioning flexibility of 
the engine and manufacturing simplicity (221). In spite of these advantages, it has 
also some unsolved problems such as low specific power per kg mass of the engine, 
friction losses, thermal losses, corrosion and deformation of hot components (222). 
The volume not swept by the piston and the displacer is called as dead volume and 
reduces the compression ratio of the engine. Since the work generated per cycle is 
relevant to the compression ratio, the dead volume has an important influence on 
the specific power. In Stirling engines, frictional losses are caused by mechanical 
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and hydrodynamic frictions. Mechanical friction is proportional to the speed and 
charge pressure of the engine. Hydrodynamic friction is function of density and 
temperature of working fluid and is proportional with the square of flow velocity 
(223). 
Thermal losses such as conduction, imperfect regeneration, shuttle heat transfer, 
convection and radiation losses and stack loss have significant effects on the 
performance of Stirling engines. Coating the displacer with an YSZ thermal barrier 
is one of the methods used to reduce thermal losses (Figure 47). As the thermal 
conductivity of the coating material is low enough compared with the non-corroding 
steel from which the displacer is manufactured, most of the heat transferred to the 
surface of coating by radiation and convection, during the flow process from hot to 
cold volume, is accumulated at the surface. Accumulation of heat at the surface of 
coating layer improves the temperature of the surface and enables its transfer to 
the working fluid by convection during the flow process from cold to hot volume. 
Coating also prevents the displacer from thermal corrosion, deformations and 
oxidation. Figure 48 shows a typical test equipment used to compare the engine 
performance, in terms of speed-power and speed-torque, for the case of coated and 
uncoated displacers (220). 
 
Figure 47 - Coated displacer 
 
Figure 48 - Schematic illustration of the test equipment (220) 
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2.12. Thick Coatings 
One of the factors that influence the failure mechanism of a TBC is its thickness, 
as thicker TBCs (Figure 49) provide a greater temperature drop across the 
coatings, and they exhibit an increase in the stored elastic strain energy and hence 
the energy release responsible for a crack (224). Thin TBCs (75-300 μm thick) used 
primarily in gas turbine engines fail through a thermally grown oxide layer on the 
bond coat, which separates from the bond coat at imperfections along the TBC/bond 
coat interface. The TGO layer develops and thickens due to the combination of high 
temperatures and oxygen transport through the TBC (225). In thick TBCs (600 μm-
2 mm thick) such as those used in combustors and potentially diesel engines, the 
bond coat does not reach temperatures high enough to form thermally grown oxides 
and therefore, the TGO does not affect the fracture behavior of the TBC. The 
failure in thick TBCs is more likely to occur by thermally activated time-dependent 
phenomena in the coatings, such as sintering, consolidation and stress relaxation 
(226). 
 
Figure 49 - Backscattered electron scanning electron microscope image of the cross 
section of a thick TBC system with a top coat thickness of about 1800 μm (227) 
The failure mechanism can be summarized as follows: when a thick TBC is 
subjected to a high heat flux as shown in Figure 50, the TBC experiences a thermal 
gradient through its thickness. As a result, thermal stresses develop due to the 
mismatch in thermal expansion within the TBC and between the TBC, bond coat 
and substrate. The heat flux causes a “hot zone” near the coating surface. This “hot 
zone” attempts to expand more than the surrounding cooler coating, which causes 
the surface of the TBC to be in compression. At high enough temperatures, these 
compressive stresses relax with time due to the thermally activated time-
dependent (viscoplastic) behavior of the TBC. This results in compressive stresses 
at the surface of the TBC becoming smaller with time. Once the heat flux is 
removed, the stress relaxation experienced by the TBC prevents it from returning 
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to its initial state, instead placing the TBC under tensile stresses. Figure 50 
represents a typical temperature history along with the corresponding stresses 
experienced by the surface of the TBC (228). 
 
Figure 50 - Schematic illustration of temperature and stresses developed in thick TBC 
when subjected to heating-cooling cycle with high surface temperature: (a) Thermal 
gradient in TBC resulting from high heat flux. The co-ordinate Y is measured from the 
surface of the coating; (b) Temperature and stress history near the TBC surface during 
heating-cooling cycle (228) 
The resulting tensile stresses in the TBC cause surface cracks to nucleate and 
grow, as shown in Figure 51. There often develops one primary surface crack at the 
center of the hot zone, which is sometimes accompanied by side surface cracks. 
During cooling, a tensile stress gradient develops through the coating thickness 
due to the previously mentioned temperature gradient. The tensile stress gradient 
generates a bending moment as shown in Figure 52. The surface cracks coupled 
with the bending moment cause horizontal cracks to nucleate at or near the 
interface between the TBC and bond coat, as evident in Figure 51. The surface 
cracks reduce the surface area resisting the bending moment, which allows the 
horizontal cracks to initiate and grow, even when the primary surface crack does 
not extend through the entire coating thickness. Therefore, the tendency for 
horizontal crack initiation increases as the primary surface crack length increases. 
Propagation of these horizontal cracks can eventually lead to coating delamination 
and loss of thermal protection. Consequently, a reduction in the thermally 
activated time-dependent behavior of the TBC would result in a reduced driving 
force for crack formation leading to longer component lives (229). 
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Figure 51 - Surface and horizontal cracks in 1 mm thick single layer YSZ TBC subjected to 
a heating-cooling cycle, where the maximum surface temperature reached by the coating 
was 1600 ºC (228) 
 
Figure 52 - Resulting stress state in TBC after the heating-cooling cycle resulting in 
surface and interface thermal fracture (228) 
Yittria-stabilized zirconia (YSZ) has been the preferred material for TBCs due to 
its low thermal conductivity. Mullite is another ceramic that has been tried for 
TBCs because of its reduced thermally activated time-dependent behavior 
compared to YSZ (230). Diesel engine rig testing has demonstrated that mullite 
indeed decreased surface cracking and increased component life compared to YSZ 
(231). On the other hand, there are two main disadvantages to mullite which 
include: a higher thermal conductivity and a lower fracture toughness compared to 
YSZ. As a result of the higher thermal conductivity, the thickness of the mullite 
coating needs to be approximately double that of the YSZ coating to provide 
comparable thermal protection (232). 
At the same time, mullite has a lower thermal expansion coefficient compared to 
YSZ both of which are lower than that of the bond coat and the substrate. The 
lower thermal expansion coefficient of mullite would result in a smaller thermal 
expansion mismatch within the coating during heating. This would lead to the 
development of lower compressive stresses during heating which along with the 
reduced time-dependent behavior of mullite would lead to lower tensile stresses at 
the end of cooling (233). 
Several studies demonstrated that the addition of YSZ to mullite improves its 
mechanical properties compared to pure mullite at high temperatures. Namely, 
significant toughening is obtained when zirconia particles are added to a mullite 
matrix (234), mullite-zirconia composites have better thermal shock resistance 
compared to pure mullite (235), and mullite-YSZ TBCs result in a reduction in the 
driving force for interface fracture (236).  
An alternative method to increase the resistance to thermal cycling of thick 
coatings consists in modifying the microstructure of the top coat, by introducing a 
larger porosity level up to 30%, compared to the typical porosity level of a thin top 
coat that ranges from 5 to 20%. Denser top coats are severely affected by thermal 
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cycling, which is due to the accumulation of very large residual stresses and by a 
decrease in its mechanical strength (hardness, toughness), because of thermal 
shock damage. By contrast in porous top coats, thermal shock damage is much 
lower, as the effect of top coat sintering on its mechanical properties prevails over 
the effect of thermal shock damage, which means that their mechanical properties, 
instead of decreasing because of thermal shock damage, are increased by sintering 
effects. Moreover, less build-up of residual stresses occurs after thermal cycling. 
Porous top coats are therefore more resistant to thermal cycling than denser ones 
(237). 
2.13. Environmental Barrier Coatings 
The widely used hot section Ni-based alloys can only resist to temperatures up to 
about 1075 ºC due to the melt of metallic components (238). Therefore, silicon-
based non-oxide silicon carbide ceramic materials, such as SiC ceramic matrix 
composites (SiC CMCs), and silicon nitrides (Si3N4), exhibiting superior high-
temperature strength and durability, have become promising hot section materials 
in gas turbine aero-engines (239). However, these appealing benefits can be 
hindered by the rapid degradation of these materials in the high temperature 
environment of gas turbines. The growing of a dense and adherent silica scale 
(SiO2) layer on the surface of SiC CMCs performs very well for high temperature 
oxidation resistance in dry air, but this layer is compromised in turbine combustion 
environments when water vapour is ejected from the jet fuel combustion. At high 
temperatures, silica reacts with water to form silicon hydroxide (Si(OH)4) which 
volatizes, leading to surface recession of the component. Moreover, future 
hypersonic vehicles flying in low Earth orbit will also employ Si-based materials on 
their external structure. In this case, due to the low O2 pressure at high altitudes 
and high temperatures caused by the friction with the atmosphere during 
ascending and re-entry, gaseous silicon monoxide (SiO) will tend to form and 
volatilize. Thus, SiC CMCs are fundamentally limited by their poor environmental 
durability in combustion environment (240). 
Environmental barrier coatings (EBCs) for Si-based materials are being developed 
to protect underlying components from reactive species such as the aforementioned 
water vapour and extend operation lifetimes (241). The effectiveness of these 
coatings is measured by how well the substrate can be shielded from the 
environment. Although it is important to choose candidate materials with a low 
diffusivity of the reactive species, they also need to maintain a stable phase, be 
chemically compatible, have a low thermal conductivity and adhere well to the 
silicon-based substrate with minimal residual stress offered by low elastic modulus 
and sintering resistance. Mismatch of the coefficient of thermal expansion between 
coating and substrate can result in internal stress build-up upon cooling from high 
temperatures. These stresses can be further exacerbated during thermal cycling 
through sintering and phase transformations accompanied by volume changes. 
Tensile or compressive stresses above a threshold induce cracking and spallation of 
the EBC layers. When the coating undergoes failure, the subsequent exposure to 
the reactive environment severely reduces the lifetime of the component (242). 
In this sense, mullite has been used as a transitional protective layer for Si-based 
components owing to its compatibility and close thermal expansion coefficient to 
these ceramics (243). Mullite coatings processed by thermal spraying techniques 
have a significant amount of metastable amorphous phase due to the rapid cooling 
of molten mullite during solidification. The mullite coating crystallizes when heat-
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treated at temperatures above 1000 °C, thus producing volume changes and 
frequently through coating cracks that allow further oxidation. Moreover, even 
fully crystalline mullite coatings cannot completely prevent some volatilization of 
silica in water vapour rich atmospheres at high temperatures. On the other hand, 
compared to YSZ, mullite has a higher thermal conductivity, a lower fracture 
toughness and a lower coefficient of thermal expansion, which means that, as the 
coefficients of both are lower than those of typical metallic alloys, mullite exhibits a 
poor thermal shock resistance (244). 
Current state-of-the-art coating systems, that attempt to solve these problems, 
consist of a silicon bond coat, an intermediate layer of mullite (3Al2O3∙2SiO2) or 
mullite+20% SrAl2Si2O8 (SAS), and an EBC topcoat of Ba1−xSrxAl2Si2O8 (BSAS) (x < 
0.15). The intermediate mullite layer acts as a barrier by preventing the EBC 
topcoat from reacting with silica scale that is present on the Si or SiC (245).  
When the BSAS topcoat is plasma sprayed, it is deposited in a metastable 
hexacelsian crystal structure. The layer undergoes a phase transformation upon 
exposure to elevated temperatures (>1200 ºC). The as-deposited metastable 
(hexagonal) hexacelsian structure transforms into an equilibrium (monoclinic) 
celsian crystal structure with an associated volume reduction of 0.5%. The 
monoclinic celsian phase is found to be the most desirable due to its phase stability 
in water vapour environment and low CTE, i.e., 4.0-5.15 × 10−6/ºC and thus a close 
match with SiC, 4.02 × 10−6/ºC (246). 
Although the transformation kinetics of BSAS from hexacelsian to celsian have not 
yet been reported, it is anticipated that they will fall between the transformation 
rates of BAS and SAS, where the transformation of bulk SAS from hexacelsian to 
celsian takes 2 h at 1200 ºC, while the complete conversion of BAS only occurs after 
10 h at 1400 ºC (247).  
Cross-sections of the BSAS/mullite/Si/SiC multilayer system are shown in Figure 
53 for the as-sprayed condition and after cycling to 1300 ºC for 100h. In the as-
sprayed condition, the BSAS topcoat is metastable hexacelsian. Through-thickness 
cracks, which form during cooling from the deposition temperature (~1000 ºC) to 
room temperature due to CTE mismatch between the hexacelsian (7.5-8 × 10−6/ºC) 
topcoat and the underlying layers, are observed extending from the topcoat into the 
mullite interlayer. After thermal cycling the metastable hexacelsian BSAS fully 
transforms into the stable monoclinic celsian crystal structure. In this coating, 
there is no cracking in the BSAS layer, although through-thickness cracks remain 
in the mullite interlayer. BSAS shows significant creep above 1200 ºC. Plasma-
sprayed mullite, on the other hand, shows resistance to sintering up to 1400 ºC. At 
the exposure temperature of 1300 ºC, the topcoat is able to close and sinter cracks, 
while the mullite layer remains unchanged. The porosity in the BSAS topcoat 
increases after thermal exposure due to the volume reduction upon phase 
transformation to celsian crystal structure (248). 
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Figure 53 - Cross-sectional backscattered electron image of the BSAS/mullite/Si/SiC 
samples in the (a) as-sprayed condition and (b) after exposing to 1300°C for 100 h in 90% 
H2O-balance O2. Through-thickness cracking is indicated by arrows in the images (249) 
Adding a low thermal conductivity thermal layer like the YSZ, on top of the BSAS-
based EBC forms the so-called thermal-environmental barrier coating (TEBC) 
system, which consists of five layers on a silicon-based substrate, where a 
transition layer between YSZ and BSAS is required to gradually adjust their CTE 
mismatches. The YSZ top coat offers thermal insulation to the BSAS and mullite 
layers, in order to avoid phase transformation and the formation of through-
thickness cracks during high temperature thermal cyclic exposure. An YSZ-mullite 
composite has showed potential to be used as the intermediate layer for reduction 
of the thermal stresses. It also combines the advantageous properties of mullite 
(reduced sintering behaviour) with those of YSZ (lower thermal conductivity and 
higher fracture toughness), and the presence of YSZ in the layer composition shifts 
the mullite crystallization to higher temperatures (~1200 ºC) (250).  
SEM micrographs of the mullite and YSZ-mullite powders are shown in Figure 54, 
where mainly rounded soft particles are observed. Both powders have similar 
features and in the YSZ-mullite composite the YSZ phase and the mullite phase 
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are homogenously mixed within the granulates with no segregation of any of the 
phases, in spite of the differences in particle size and density of both constituents 
(251).  
 
Figure 54 - SEM micrographs of the (a) mullite powders and (b) YSZ-mullite powders (251) 
To maximize component lifetimes and the effectiveness of environmental barrier 
systems, the stresses in the coatings due to property mismatches must be 
minimized during thermal and environmental exposure. Table 6 lists the thermo-
mechanical properties of the multilayer system. This configuration reduces the 
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sharp discontinuity in thermal expansion coefficients between each layer, therefore 
minimizing the residual stresses (252). 
Material Elastic modulus 
(GPa) 
Poisson’s 
ratio 
Thermal expansion 
coefficient (× 10-6 ºC-1) 
YSZ 13 0.22 9.0 
YSZ-mullite 18 0.25 7.2 
BSAS 80 0.30 6.2 
Mullite 21 0.25 5.5 
Silicon 180 0.15 4.4 
Silicon carbide 400 0.17 5.0 
Table 6 - Thermo-elastic properties for the TEBC constituents (253) 
Molten salt technology has been widely applied in the industrial world because of 
its physical and chemical characteristics, in particular its high electrical 
conductivity, high processing rate, and fluid features, etc. Molten salts can cause 
corrosion to the container materials and other accessories used in the construction 
of various equipments. Therefore, studies on the corrosion of equipment and 
structural materials for handling high temperature molten salts have been 
continuously carried out. A significant number of Ni-base alloys have been 
developed to meet the applications involving high temperature corrosive 
environments such as Na2SO4, LiCO3, NaCl, MgCl, etc. However, these alloys are 
not able to meet both the high temperature strength requirements and high 
temperature corrosion resistance simultaneously (254).  
So, a coating of thermal barrier type has been found to be the most effective and 
economical method to enhance the corrosion resistance at an elevated temperature 
without destroying the mechanical properties of the superalloy substrate. Korea 
Atomic Energy Research Institute has been developing the electrolytic reduction 
process for treatment of spent oxide nuclear fuel, which is carried out in a LiCl-
Li2O molten salt at 650 ºC (255). The liberation of oxygen at an anode and the high 
temperature lithium molten salts cause a chemically aggressive environment that 
is excessively corrosive for ordinary structural materials (256). Therefore, for an 
implementation of the electrolytic reduction technology, corrosion resistance of the 
structural materials for handling hot lithium molten salt can be achieved by using 
YSZ coated substrates due to their excellent chemical stability especially in LiCl-
Li2O molten salt (257). 
The experimental apparatus used to carry out hot corrosion testing in a LiCl-Li2O 
molten salt condition is shown in Figure 55. The LiCl-Li2O molten salt is 
introduced into a dense MgO crucible and then heated at 300 ºC for 3 h in an argon 
atmosphere to remove any possible remaining moisture. After reaching the set 
conditions, the specimens and alumina tube are immersed into the molten salt, and 
mixed gas (Ar-10% O2) is supplied through the alumina tube. The corrosion tests 
are conducted at ~675 ºC.  
 90 
 
Figure 55 - Schematic diagram of the apparatus for the hot corrosion test (255) 
Figure 56 confirms the superior corrosion resistance of an YSZ-NiCrAlY coated 
IN713LC compared to a simple NiCrAlY coated IN713LC after corrosion at 675 ºC 
for 216 h. This is attributed to the stable crystal structure of the metastable, 
tetragonal-prime ZrO2 phase (t’-ZrO2) before and after the hot corrosion test (258). 
  
Figure 56 - Cross-sectional SEM image and point quantitative analysis of NiCrAlY coated 
IN713LC (left) and YSZ-NiCrAlY coated IN713LC corroded in LiCl-3 wt.% Li2O at 675 °C for 
216 h (255) 
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Hot corrosion can also occur because of the usage of low quality fuels containing 
impurities such as Na, S and Cl. They form Na2SO4 and NaCl salts on the surface 
of the turbine blades and cause corrosive attack. These chloride containing Na2SO4 
melts are also present in the environment in which marine gas turbines operate. 
The YSZ remains stable in the sulphate-chloride melt lowering the overall hot 
corrosion tendency of the TBC coated Ni-base superalloy (259). 
If only an MCrAlY bond coat is applied onto the substrate for high temperature 
oxidation and corrosion resistance, the chlorides will play an important role in 
destabilizing both Al2O3 and Cr2O3. Both of them react in the following manner to 
form sodium aluminate and sodium chromate spinels (260). 
Al2O3 + 12 O2 + 2NaCl → 2NaClO2 + Cl2 
Equation 21 
Cr2O3 + 52 O2 + 4NaCl → 2Na2CrO4 + 2Cl2 
Equation 22 
Notably, the above two reactions involving NaCl not only destabilize Al2O3 and 
Cr2O3 protective oxides into less protective spinels, but also releases chlorine. This 
chlorine is detrimental to the stability of coating. It can penetrate through oxide 
scales quickly along the cracks/pores and then react with Al and Cr of the NiCrAlY 
coating as per the following reactions. 
Al + 32 Cl2 → AlCl3 
Equation 23 
Cr + 32 Cl2 → CrCl3 
Equation 24 
These chlorides are volatile may further diffuse outward through the cracks or 
pores to the outer surface and reoxidize on the surface in the following manner. 
2AlCl3 + 32 O2 → Al2O3 + 3Cl2 
Equation 25 
2CrCl3 + 32 O2 → Cr2O3 + 3Cl2 
Equation 26 
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As these reactions continue the coating becomes highly prone to hot corrosion. 
Opposed to Al2O3 and Cr2O3 phases, the YSZ remains chemically stable reducing 
the inherent hot corrosion tendency of the metallic bond coat (261). 
2.14. Titanium Aluminide Components 
Gamma titanium aluminide based alloys are considered as structural materials for 
high temperature applications due to their attractive properties, including low 
density, high specific stiffness and tensile strength, good creep resistance, unique 
corrosion resistance and nonmagnetic properties (262). Numerous γ-TiAl alloys 
have been developed for engineering applications in the last two decades to be used 
for structural applications in aerospace vehicles and automotive engines (263). The 
chemical composition of some of these alloys is given in Table 7. 
TiAl alloy Ti Al Nb B C Cr Mo Si 
98G (at.%) Bal. 45.0 8.0 0.2 0.15 − − − 
02G (at.%) Bal. 45.0 6.0 0.2 0.5 1.0 − 0.2 
TC11 (wt.%) Bal. 6.5 − − − − 3.3 0.26 
Table 7 - Chemical composition of common titanium aluminide alloys (264)  
The density of TiAl alloys is only about half that of the presently used Ni-based 
superalloys, so replacing these heavy materials would increase the efficiency of gas 
turbine engines. However, the lightweight titanium alloys exhibit an insufficient 
oxidation resistance and oxygen induced embrittlement when operated at 
temperatures above 800 ºC for long time periods, deteriorating the application of 
TiAl alloys at high temperature. This poor oxidation resistance results from the 
formation of a non-protective oxide scale consisting of a heterogeneous mixture of 
titanium and aluminium oxides instead of a slow-growing protective alumina scale 
(265).  
Compared to binary γ-TiAl alloys, the oxidation resistance can be increased by 
alloying ternary elements, in particular niobium which has proven to be the most 
effective alloying element to reduce the oxidation rate (266). Furthermore, W, Mo 
and Ag additions were also reported to reveal improved oxidation behaviour due to 
the formation of a continuous alumina scale (267). 
However, these methods only lead to a limited improvement in the high-
temperature oxidation resistance, in particular for real components with a complex 
structure. This is because of the high brittleness of the alumina forming 
intermetallic phases, raising the risk of cracking, particularly with increasing 
coating thickness (268). 
Surface modifications are a better solution because the optimized microstructure 
and the tailored mechanical properties of the substrate materials are not affected. 
Therefore, considerable efforts have been undertaken to develop coatings capable of 
providing efficient oxidation protection to increase the service temperature range of 
γ-TiAl alloys (269).  
A very promising technique, reported recently, consists in the utilisation of the 
fluorine effect to enhance the environmental stability of TiAl components under 
thermocyclic conditions. The fluorine effect works by first spraying a fluorine-
containing organic compound onto the surface of the substrate at room 
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temperature and then applying a subsequent heat treatment at 900 ºC for 24 h in 
laboratory air. The organic compound decomposes at elevated temperatures and 
fluorine is released, which can react with the aluminium of the substrate to form 
gaseous Al-fluorines. These compounds are oxidised to Al2O3 during their outward 
diffusion, thus producing a thin, protective alumina scale on the substrate surface, 
instead of a fast-growing mixed-oxide scale found on untreated TiAl samples (270). 
TBCs used on Ni-base superalloys to decrease the surface temperature of the 
components require the use of metallic bond coats with a high amount of Al, 
because the Al content on the Ni alloys is rather low, and after Al depletion, 
breakaway oxidation could start quite early depending on the oxidation conditions 
(271). But in TiAl substrates the Al content is high enough to form the protective 
alumina scale during thermocyclic oxidation. This means the alumina scale is 
suitable enough to join the YSZ to components made of TiAl and no bond coat 
procedure has to be applied – see Figure 57.  
 
Figure 57 - SEM image of the cross-section of a TBC system deposited on TiAl 
The new system has significant economic benefits because the assembly is faster 
and no expensive coatings (e.g. NiPtAl) are required. In addition, the thickness of 
the fluorite-treated TiAl is reduced compared to those on Ni-base superalloys and 
problems of other coatings such as Al depletion by outward diffusion play no role. 
The alumina TGO grows directly on the fluorite-treated substrate and the presence 
of a TBC on top significantly decreases the oxidation rate of the system in 
comparison to an uncovered surface (272). A comparison between a typical TBC 
system of Ni-base superalloys and the new TBC system for TiAl alloys is shown in 
Figure 58. 
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Figure 58 - Schematic of a typical TBC system on Ni-base superalloys and the new system 
for TiAl alloys 
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Chapter 3: Coating 
Characterization 
3.1. Introduction 
In service, the TBC is thermally cycled between room temperature and 
temperatures approaching 1200 ºC. Long term thermal cyclic oxidation 
dramatically changes the physical and mechanical properties of each layer in the 
TBC system. Growth of the TGO and interdiffusion with the substrate often change 
the composition, microstructure and mechanical behaviour of the bond coat. The 
elevated temperatures also promote sintering of the YSZ in the top coat, which 
causes changes in the properties. EB-PVD coatings grow very columnar and have 
desired lateral compliance, but sintering leads to joining of columns, reduction in 
elastic anisotropy and overall decrease in the performance of the top coat (273). 
These changes may be very detrimental to the lifetime of thermal barrier coatings. 
But the review of the literature shows that TBC development has focused mainly 
on the need for reduced thermal conductivity, improved oxidation resistance and 
increased life (274). By contrast, the role of property change in governing how and 
when delamination occurs has not been thoroughly considered. Therefore, further 
studies are needed to understand the processing-structure-property evolution of a 
TBC to get reliable performance improvements in the design of these complex 
coatings. Furthermore, in order to simulate service life, data for the material 
properties of the TBC system after extended thermal annealing or more complex 
thermo-mechanical treatments are needed. 
In this venture, experiments were conducted in a standard commercial TBC system 
commonly used in aero-turbines, to determine the evolution of the thermal and 
mechanical properties of the coatings during high temperature thermal cyclic 
oxidation. They highlight the influence of thermal cycling in the properties of the 
same TBC system under identical testing conditions to provide the foundation for 
the use of finite element modelling in understanding failure mechanisms and 
lifetime predictions of TBCs, since the models rely on the availability of material 
properties as a function of temperature and oxidation time. 
The thermo-mechanical properties of the TBC depend strongly on their 
microstructure, which exhibits severe changes in service. In addition, the 
properties also depend on the microstructural changes that may happen inside the 
same layer. This especially holds for coatings deposited by EB-PVD, which have a 
complex columnar microstructure that gradually changes from the top coat/bond 
coat interface towards the top coat interface. For understanding of the mechanisms 
controlling the evolution of the global properties of the coatings during long term 
thermal exposure it was necessary to investigate the microstructural changes, 
which occur during thermal annealing and their influence on the local mechanical 
properties. 
The behaviour of the Young’s modulus in the superalloy as a function of the 
annealing time was measured by nanoindentation at ambient temperature in the 
cross-sections of the TBC system. 
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A new technique based on digital image correlation (DIC) was used to characterize 
the properties of the bond coat. Microsamples of the isolated bond coat were 
fabricated using micro-EDM machining. Microtensile testing was realized by a 
custom-built microspecimen system, and digital image correlation was employed to 
capture full-field strains and displacements in the microsamples. DIC was also 
utilized to measure the coefficient of thermal expansion as a function of 
temperature. 
Image analysis of the scanning electron microscope micrographs was used to 
determine the thickness of the TGO after prolonged annealing at high 
temperature, while the phase composition of the bond coat and ceramic top coat 
was investigated by X-ray diffraction. In addition, detailed transmission electron 
microscopy (TEM) studies have been carried out on the microstructural evolution of 
the NiCoCrAlY bond coats during thermal cycling.  
3.2. Deposition and Thermal Cycling 
Yttria stabilized zirconia coatings were applied to 1.6 mm thick grit-blasted Inconel 
738LC (IN-738LC) Ni-based superalloy substrates which had been overlay coated 
with a 100 µm thick low-pressure plasma sprayed (LPPS) NiCoCrAlY bond coat. 
These EB-PVD-TBC samples were supplied by the JFCC (Japan Fine Ceramics 
Center, Nagoya, Japan). 
The bond coat surfaces were polished to a 1 µm diamond finish and then ultrasonic 
cleaned with acetone. Before the deposition of the ceramic top coat, all specimens 
were heat-treated at 1100 ºC for 1 h in argon atmosphere. The specimens were then 
coated with a 250 µm thick YSZ ceramic layer using the electron beam physical 
vapour deposition (EB-PVD) technique. The deposition pressure of the EB-PVD 
chamber was about 4 × 10-3 Pa with no oxygen introduced in the vacuum chamber. 
The substrate temperature was approximately 900 ºC and the rotation speed was 7 
rpm. During deposition, a thin TGO layer (thickness ~0.5 µm) consisting mainly of 
Al2O3 is formed between the bond coat and the top coat. After deposition, the coated 
specimens were vacuum heat-treated (1100 ºC, 1 h) and aged (870 ºC, 16 h) for 
stress release and subsequently cooled down to room temperature. The heating 
rate was 7 ºC/min. 
Thermal cycling oxidation tests were performed in a top-loading furnace. Each 
cycle consisted of a 5 min heat up to 1150 ºC, a 60 min hold at 1150 ºC followed by 5 
min of cooling in forced flowing laboratory air to a temperature of about 80 ºC. A 
timer-controlled device was used to drive the samples up and down in the furnace. 
The specimens were examined visually every 20 cycles to detect the onset of 
delamination, with failure defined to have occurred after 200 cycles when at least 
20% of the TBC had spalled. 
A set of 12 samples was oxidized at 1150 ºC and four cyclic exposure times were 
tested: 0 cycles, 100 cycles, 150 cycles and 200 cycles (3 specimens for each 
duration). After each given number of cycles, samples were removed from the 
furnace and tested. 
3.3. Coating Microstructure 
After being oxidized, to protect the coating from spalling-off, the samples were 
mounted on a transparent cold-setting epoxy resin prior to cross-sectioning. They 
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were then cut and the cross-section surfaces were polished until they possessed a 
flat and mirror-like finish, suitable for observation in a scanning electron 
microscope (SEM). This was accomplished by first using 20, 5, and 3 µm diamond 
papers and then subsequently a cloth with a 0.05 µm colloidal silica solution to 
obtain the final polish. Before any samples were placed in the SEM, the surface 
was also cleaned with acetone first, then ethanol, and finally soapy water. 
The microstructure and chemical composition of the TBC samples were 
observed and evaluated using a scanning electron microscope (SEM) equipped with 
an energy-dispersive X-ray spectrum (EDS). The SEM was outfitted with 
backscattered and secondary detectors so images of the probed regions could be 
captured. The settings used for all analysis included a beam current of 40 nA, an 
acceleration voltage of 25 kV, a chamber vacuum on the order of 5 × 10-6 torr, and a 
beam diameter of 2 µm. To obtain a considerable number of X-ray counts at each 
wavelength and thus improve compositional accuracy, total analysis times of one 
minute per data point were applied. The observed samples were gold plated via 
sputtering process to make them conductive for electron microscope observation. 
Figure 59 shows micrographs of these samples at different cyclic oxidation stages. 
The results clearly show that some TBC delamination started at 180 cycles close to 
the edges of the sample and the majority of the ceramic top coat spalled after 200 
cycles. The observed fact that samples do not fail before performing a critical 
number of oxidation cycles at high temperature shows that a critical level of stored 
elastic energy (which increases with TGO thickness) and/or a critical size of defects 
(microcracks) are required for TBC failure. The slow growth of microcracks after 
cooling during thermal cycling has been indirectly observed by acoustic emission in 
air plasma sprayed YSZ top coat/MCrAlY vacuum plasma sprayed bond coat 
system (275). This threshold in cycle number could be viewed as the average 
lifetime of TBC systems during thermal cycling. It was 200 cycles at 1150 ºC in the 
present case. 
 
Figure 59 - Micrographs of sample at room temperature (a) early life (20 cycles), (b) half 
life (100 cycles), and (c) late life (180 cycles) 
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Figure 60 shows the cross-sectional back-scattered electron (BSE) morphologies of 
the TBC coating sample after cyclic oxidation between 1150 ºC and RT. The as-
manufactured sample exhibits a smooth TGO layer, which is normally desired 
(276). This layer grows along the bond coat surface during thermal cycling. The Al-
rich oxide layer with a thickness of about 0.5 µm is formed during deposition of the 
ceramic top coat, and its thickness increases to 4 µm after 200 cycles at 1150 ºC. No 
scale spallation is found on the half-life sample.  
SEM examinations of the TBC at failure demonstrate that the scale spallation 
starts to occur at the bond coat/TGO interface. Interdiffusion holes are also 
observed in the BC, which indicates that it experienced severe oxidation attacks 
(internal oxidation) and interdiffusion reaction with the TGO. 
 
Figure 60 - Cross-sectional BSE image of the TBC sample after cyclic oxidation between 
1150 ºC and RT (a) as-manufactured, (b) half life, and (c) end of life 
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X-ray dot mapping by energy dispersive spectroscopy (SEM-EDS) analyses have 
been realized on the cross-sections of two coatings subjected to 0 and 100 thermal 
cycles in order to follow the evolution of their elemental composition. Figure 61 and 
Figure 62 illustrate the evolution of Al, Co, Cr, Ni, O and Zr compositional maps 
with thermal cycling.  
 
Figure 61 - Cross-sectional SEM micrograph of the as-manufactured TBC system and 
corresponding elemental maps: Al, Co, Cr, Ni, O and Zr 
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Figure 62 - Cross-sectional SEM micrograph of the TBC system at half life and 
corresponding elemental maps: Al, Co, Cr, Ni, O and Zr 
It can be seen that the various elements appear in the expected regions: Co, Cr and 
Ni in the bond coat, Zr in the ceramic top coat, Al in the TGO and bond coat, and O 
in both TGO and top coat. With thermal cycling, Ni, Co and Cr were also detected 
in the TGO, which clearly indicate that spinels (Ni,Co)(Cr,Al)2O4 and other fast 
growing oxides (NiO, Cr2O3) start to appear in the TGO due to Al depletion of the 
bond coat in the vicinity of the TGO. When these oxides are formed, their 
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brittleness will accelerate delamination, affecting the performance of TBCs (277). 
Ni, Co and Cr are not present in the ceramic top coat, although Figure 62 may 
suggest otherwise, which is due to some background noise. 
3.4. Superalloy Substrate 
The chemical composition of the IN-738LC superalloy substrate, determined by 
SEM energy-dispersive X-ray (EDX) analysis, in the as-deposited state is given in 
Table 8. 
IN-738LC  Ni Cr Co Mo W Ta Nb Ti Al C Zr  
Fraction 
(wt.%) Bal. 16.0 8.5 1.75 2.6 1.75 0.9 3.4 3.4 0.11 0.04 
Table 8 - Chemical composition of the IN-738LC superalloy substrate 
The elastic modulus of representative polished substrate samples was deducted 
at room temperature from instrumented indentation testing (IIT) measurements 
using an Agilent Nanoindenter G200 tester with a Berkovich diamond indenter tip. 
The indenter load and displacement were recorded during loading and unloading in 
the indentation process. Since the applied indentation loads and their 
corresponding penetration depths are measured continuously during a loading-
unloading cycle, the residual hardness impression does not have to be directly 
imaged as in conventional microhardness testing. This represents one of the main 
advantages over the more traditional indentation measurements. 
When the indenter is applied on the sample, plastic deformation of the materials 
will occur. Figure 63 shows the schematic of pile up and sinking in. If the plastic 
flow cannot be absorbed by the materials under the contact area, the plastic flow 
will transfer to the surface, if the plastic flow can be absorbed by the materials 
under the contact area, the imprint will produce and this is just the sinking 
phenomenon. 
 
Figure 63 - Schematic of the (a) pile up and (b) sinking in 
According to the Hertz contact theory, for the elastic contact, the contact depth ℎc 
(the vertical distance from the highest contact point of indented materials and 
indenter to the indenter bottom) would always lower than the indention depth ℎq 
(the vertical distance from the contact point of original surface to the rock bottom), 
the relationship of them can be determined as follows (278): 
ℎc = ℎq − 𝜀 𝑃max𝑆  
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Equation 27 
𝑃max: maximum load  
𝑆: contact stiffness 
𝜀: constant correlated with the indenter shape  
Generally speaking, the yielding strain (𝜎y 𝐸⁄ , where 𝜎y is the yield stress of the 
material and 𝐸 the effective elastic modulus) and strain hardening exponent are 
the most important factors which will affect the result of the indentation test. As 
both the values of 𝜎y 𝐸⁄  and strain hardening exponent are high for the case of 
metallic alloys, the pile up phenomenon would be minimum. Strain hardening can 
inhibit the pile up, as the hardening of materials around the indenter during the 
plastic deformation will inhibit the materials to flow to the surface (279). 
The reduced elastic modulus (𝐸r) was evaluated from the load-displacement data 
using the Oliver and Pharr method (280), and the Young’s modulus (𝐸) of the 
substrate then derived from the reduced modulus. The 𝐸 values of the material are 
calculated based on the initial portion of the unloading curve as the unloading is 
the purely elastic recovery process. This gives the elastic stiffness of the contact 𝑆 
and serves to initially determine the reduced elastic modulus: 
𝑆 = d𝑃dℎ 
Equation 28 
𝑃: load applied on the test surface 
ℎ: indenter displacement 
and 
𝐸r = 𝑆√𝜋2𝛽√𝐴 
Equation 29 
𝐴: projected area at that load 
𝛽 = 1: numerical factor typical for triangular cross sections like the Berkovich tip 
The 𝐸 value of the test specimen is calculated making use of the reduced 𝐸r using 
the formula (281): 1
𝐸r
= 1 − 𝜈2
𝐸
+ 1 − 𝜈i2
𝐸i
 
Equation 30 
𝐸i = 1141 GPa: elastic modulus of the indenter diamond tip  
𝜈i = 0.07: Poisson ratio of the indenter diamond tip 
𝜈: Poisson ratio of the tested samples 
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In these measurements, the Poisson ratio of the tested superalloy substrates was 
assumed to be 0.30, which is a typical value for metallic materials.  
The evolution of the elastic modulus of the substrate with thermal cycling that was 
determined from the nanoindentation test is shown in Figure 64. Each of the 
results presented here represents the average of fifteen indentation measurements 
taken within different regions of each sample, with error bars indicating standard 
deviation in the measurement. It can be seen that the elastic modulus does not 
change significantly during thermal exposure, presenting a mean value of 230 GPa.  
 
Figure 64 - Evolution of the elastic modulus of the IN-738LC superalloy substrate 
calculated from the nanoindentation load vs. displacement curves 
3.5. Bond Coat 
The LPPS NiCoCrAlY bond coat used in the present study was characterized by 
EDS to determine its elemental composition in the as-manufactured condition 
(Table 9).  
Bond coat elements Ni Co Cr Al Y 
Fraction (wt.%) 47.3 20.3 21.0 11.0 0.4 
Table 9 – Chemical composition of the bond coat  
Traditionally, the NiCoCrAlY bond coat microstructure is thought to consist of 
two major phases: a Ni-rich solid solution γ-Ni phase and an aluminium rich β-NiAl 
phase (282). The electron backscattered SEM image presented in Figure 65 
confirms that in the as-deposited state, the microstructure of the investigated BC 
consists of finely intermixed γ (light contrast) and β grains (dark contrast), similar 
to (283). 
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Figure 65 - Backscattered-electron SEM of the as-processed bond coat 
Thermal cycling of these bond coats changes the volume fraction of the phases and 
their domain size as the chemical composition of the bond coat evolves due to TGO 
formation and interdiffusion with the underlying substrate, which cause Al 
depletion from the BC (284). Figure 66 provides a vivid indication the end result of 
thermal cycling, which is a progressively coarser Ni-rich bond coat. This means 
that both the fraction and grain size of the γ-phase increase significantly with 
annealing at high temperature. 
 
Figure 66 - Backscattered-electron SEM of the bond coat after 100 thermal cycles at 1150 
ºC. This image uses the same magnification as Figure 65 and direct comparison highlights 
the coarsening of the microstructure that occurs as a result of thermal cycling 
X-ray diffraction (XRD) (Brucker D8-Discovery) using Cu Kα radiation in Bragg-
Brentano (θ-2θ) configuration with a scanning step size of 0.02º and a 2.5 s/step 
acquisition time through a 1º fine collimator slit was used for analysing the phase 
evolution of the bond coat. Various phases were identified using the JCPDS-
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PCDFWIN diffraction software package. Figure 67 displays the XRD patterns of 
the bond coat after thermal cycling between 1150 ºC and ambient temperature for 
0, 100 and 200 cycles.  
 
Figure 67 - XRD patterns of the bond coat after cyclic oxidation between 1150 ºC and RT 
for 0, 100 and 200 cycles 
It shows that the as-deposited bond coat consists mainly of β-NiAl (corresponding 
to the JCPDS 44-1188 standard in the powder diffraction file) and γ-Ni (JCPDS 04-
0850) with the presence of some γ’-Ni3Al (JCPDS 09-0097) precipitates (L12 
structure) inside the γ grains or along the β grains. The heat treatment that 
followed BC deposition is beneficial to the redistribution of alloy elements and 
structural stability, during which the following reaction took place: 
2γ-Ni + β-NiAl → γ’-Ni3Al. 
During oxidation the bond coat remained γ/γ’ structure, but the β-phase 
disappeared. The β to γ phase transformation occurs through the depletion of Al 
caused by the outward-diffusion of Al to form the oxide scale: 
3β-NiAl + 3[O] → γ’-Ni3Al + Al2O3 
2γ’-Ni3Al + 3[O] → 6γ-Ni + Al2O3. 
Bond coat specimens for transmission electron microscopy (TEM; Tecnai) were 
prepared using focused ion beam (FIB; Helios). The bond coats evaluated in this 
study were first isolated from the ceramic top coat and the underlying superalloy, 
by gradually grinding both layers with SiC papers. Then the TEM samples were 
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prepared by conventional procedure, including polishing to approximately 40 µm 
thickness, followed by cutting 3 mm diameter discs, dimpling to 20 µm and finally 
ion milling. Figure 68 and Figure 69 are the bright-field TEM images of the bond 
coat region in the as-manufactured condition.  
 
Figure 68 - Bright-field TEM micrograph of the as-manufactured bond coat region with the 
SAD pattern indicating the presence of β-NiAl grains 
 
Figure 69 - Bright-field TEM micrograph of the as-manufactured bond coat region with the 
SAD pattern indicating the presence of γ-Ni grains  
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The TEM micrograph illuminates that β-NiAl and γ-Ni grains are present in the as-
manufactured bond coat sample. For the samples exposed at 1150 ºC for 100 h, the 
TEM micrograph in  displays that γ’-Ni3Al precipitates are present in the coarsened 
γ-Ni grains, which have substantially grown in size due to Al outward-diffusion to 
form α-Al2O3 TGO.  
 
Figure 70 -TEM micrograph of the bond coat region thermally cycled for 100 h with the 
SAD pattern indicating the presence of γ’-Ni3Al precipitates in the γ-Ni grains 
The β to γ phase transformation usually induces interface-roughening because of 
the positive volume change associated with the structural change from the B2 β-
NiAl phase to the face-centered tetragonal (FCT) γ-Ni in an early stage of the cyclic 
oxidation. This is especially important for the case for Pt-modified aluminide 
coatings as they exhibit a single-phase β-NiAl layer after the pack-aluminizing 
process, resulting in local displacement instabilities and ratcheting of the TGO 
during thermal cycling, which could lead to cracking and spallation of the ceramic 
top coat (285).  
The occurrence of this interface-roughening is much less significant in the present 
NiCoCrAlY bond coat, because the initial microstructure consists of two phases: B2 
β-NiAl and γ-(Ni solid solution). As only the β-grains transform, the effects of the β 
to γ transformation are considerably mitigated. Moreover, the presence of nano-
scale γ’ precipitates in the γ-grains has a strengthening effect on the bond coat, 
which makes this roughening mechanism more difficult. 
In order to examine the TGOs in detail, a line-scan EDS analysis was performed 
around the TGO area for the as-manufactured and half-life conditions – Figure 71. 
As shown in Figure 72, higher Al concentrations were observed in the TGO/BC 
interface on the as-manufactured coating. The Al content decreased quickly from 
original 25 at.% in the as-manufactured sample to about 17.5 at.% in the 100 h 
oxidized sample. With the oxidation time increasing, it is likely that the Al content 
will decrease even further, as a result of its outward-diffusion to form alumina in 
the TGO. On the other hand, the Ni and Cr contents increased slightly during the 
first 100 thermal cycles, by approximately 0.5 and 1.2 at.%, respectively. It is 
expected that over the entire cyclic oxidation time, a higher extent of Al loss 
occurring in the bond coat will lead to a significant increase in the Ni and Cr 
concentration.  
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Figure 71 - EDS composition profiles of the major elements in the as-deposited (top) and 
half-life (bottom) coatings 
 
Figure 72 - Average chemical composition in the BC/TGO interface after cyclic oxidation at 
1150 ºC for different times 
The greater amount of Ni and Cr content in the BC/TGO interface means that, 
close the end of life, the TGO consists of Al2O3 and also other oxides related to Ni, 
Al and Cr, such as Cr2O3, NiO and spinels. This is due to the fact that a complete 
transformation of the β-NiAl phase to γ-Ni during cyclic oxidation, with the 
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consequent extensive Al loss, makes much more difficult to create a TGO of Al2O3 
on the coating (286). The non-protective oxides (Ni, Cr oxide and spinel) generated 
during cyclic oxidation will result in a weaker resistance to spallation. It is known 
that Ni, Cr oxide and spinel have a feeble adhesion to the coating. Therefore, the 
coating will experience a more accelerated spallation of the TGO (287). 
A combination of digital image correlation (DIC) and microsampling techniques 
was used to extract the elastic and visco-plastic properties of the bond coat, in 
order to determine the plastic constitutive parameters needed for finite element 
(FE) calculations. DIC is a non-contact method, which allows strain measurements 
independent of the sample size and that is only limited by the resolution of the 
imaging system. The complex material behaviour of TBCs on a small scale means 
that there is a great need to provide reliable materials properties to predict 
lifetimes of these systems. 
Non-contact strain measurements are necessary when measuring properties at the 
micro-scale and below since the specimens become very fragile. Image-based 
methods are ideal because of the relatively low cost associated with digital cameras 
and normal optical components, but also because they allow simultaneous 
measurement and observation of the experiments as they progress. 
Digital image correlation as a technique shows increasing impact as computers are 
getting faster, DIC code becomes available and optimized, and the advantages and 
capabilities are realized. DIC allows for non-contact strain measurement, which 
allows one to test on multiple scales (from nanometers to meters) and at various 
temperatures, pressures and atmospheres. The input image can be acquired with 
optical, electron, or atomic force microscopy, and the technique allows one to 
measure 2D and 3D strain fields in order to observe complicated test structures 
under multi-axial load (288). In this investigation, DIC has been used for micron-
scale testing to measure heterogeneous structural material properties. 
A micro-electro-discharge machining process was utilized to fabricate the isolated 
bond coat specimens. This process has a minimal heat-affected zone and allows for 
precise control of the specimen geometry. A typical as-fabricated specimen is shown 
in Figure 73. The bond coat has sufficient natural material contrast for DIC when 
viewed with a high-resolution optical microscope and did not require any additional 
surface treatment. 
Figure 74 shows an image and schematic of the microtensile testing system. The 
load train consists of two grips where the freestanding bond coat specimen is 
mounted, a linear air bearing for minimizing friction (Nelson Air, RAB1), a single-
axis piezoelectric actuator (New Focus 8302) and a 45 N load cell (Entran, ELHS). 
All specimen placement, alignment and testing occurs under the observation of a 
high-resolution Nikon microscope. Reflections and shadowing effects from the grips 
can preclude accurate strain measurement in the bond coat. To minimize these 
effects, the grips are coated with black paint.  
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Figure 73 - Optical micrograph of the bond coat microsample geometry  
 
Figure 74 - Image (a) and schematic (b) of system mechanical testing apparatus for 
microsample tensile experiments. The major components required for accurate testing are 
labelled. 
A typical experiment is conducted as follows. The microspecimen is positioned on 
the two grips and the single-axis actuator is then driven slowly until a small level 
of force is recorded. Several approaches of the grip are made to allow for any 
specimen settling. The microspecimen is then loaded in 0.01 N increments and a 
series of nine digital images are captured per increment. The experiment is 
conducted with the camera focused on the centre of the microspecimen. 
DIC is based on the correlation of image subsets (usually referred as markers), 
which define the maximum traceable displacement in the range of the marker. 
Subsequent shifts between consecutive images that are larger than the marker size 
cannot be tracked by this technique. Therefore, the image capture frequency should 
be chosen in a way that the subsequent displacement is smaller than this 
maximum value. Furthermore, the size of the tracked marker also increases the 
displacement resolution as a larger marker also means a larger data set for subset 
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correlation. It should also be noted that the lighting conditions play a crucial role 
in terms of DIC accuracy. Changing light conditions during the experiment can 
lead to errors in the sample surface tracking and lead to false results. 
The DIC analysis was conducted in a post process by utilizing a Matlab-based code 
developed at the Johns Hopkins University. The minimum density of the marker 
mesh is defined by the needed strain/displacement resolution, while the maximum 
density is determined by the computational expense. For this study, a regular grid 
was generated with a marker spacing of 20 pixels in the horizontal and vertical 
direction of the image, leading to a standard marker size of 20 × 20 pixel2. For a 
typical analysis, roughly 10,000 markers were used per image. The DIC was then 
conducted on a multi-processor machine. 
Great care was taken with the acquisition of the images, as the required 
displacement resolution is in the sub-micron regime. Therefore a high-quality 
Nikon microscope was employed at its highest magnification of ×40. Between the 
camera and the ×40 objective, a ×0.7 adapter was mounted to focus the image onto 
the CMOS chip of the digital camera (Pixelink, PL-782A). The pixel pitch size 
resulting from the interpolated CMOS Bayer pattern is 3.5 µm, resulting in 
approximately 8 pixels per micron for the given magnification. Although it could be 
argued that 8 pixels per micron is not sufficient for sub-micron resolution, as the 
quality of the optical system will never translate into a sharp image at this 
resolution, the displacement information is still present and the DIC still can track 
gradual changes on this scale. To reduce the influence of the load train on image 
quality, the load was applied in steps. To minimize the effect of image noise from 
the camera’s CMOS chip and vibration from the air damped table, 9 × 8 images 
were taken per load step. The software of the camera was used to average over 
eight images and the resulting nine images were processed by the digital image 
correlation. The resulting displacement field for each of these nine averaged 
images was then averaged again resulting in a mean displacement field for each 
step. Finally the root-mean-square (RMS) displacement over the entire field can be 
obtained after utilizing routines for eliminating poorly correlated points from the 
analysis. 
 
Figure 75 - Optical micrograph showing the centre position of the microsample during the 
tensile testing 
To measure the tensile properties of the bond coat, two load-unload cycles were 
carried out for each specimen. Figure 75 shows the centre position of the 
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microsample during the tensile testing. The RMS displacement obtained from the 
DIC analysis can then be used to quantitatively characterize the axial strain of the 
BC sample as a function of the applied load. A representative plot of the load as a 
function of time for the as-processed and thermally cycled bond coats is shown in 
Figure 76. This gives the required input to extract the elastic and plastic properties 
of the bond coat.  
 
Figure 76 - Plot showing the axial strain at the bond coat as a function of load 
The results of the measurements for the elastic modulus and yield stress of the 
NiCoCrAlY bond coat as a function of temperature are plotted in the graphs below. 
 
Figure 77 – Microsample elastic modulus results for the as-manufactured and thermally 
cycled bond coat 
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Figure 78 – Microsample yield stress results for the as-manufactured and thermally cycled 
bond coat 
During the elevated temperature experiments, the bond coats were subjected to a 
series of repeated constant strain rate experiments, followed by stress relaxation 
experiments in which the crosshead was fixed and the stress allowed to relax. The 
constant strain rate part allowed the determination of the elastic modulus and the 
yield strength, while the stress relaxation curve was fitted to the well known 
Norton power-law creep law: 
𝜀ċr = 𝐵𝜎n 
Equation 31 
𝜀ċr: strain rate 
𝐵: creep constant  
𝜎: stress 
𝑛 = 4: power-law creep exponent 
Figure 79 shows the creep constant results for the as-manufactured and thermally 
cycled conditions. It can be observed that thermally cycling the NiCoCrAlY bond 
coat results in a reduction in strength and increase in ductility at room 
temperature. The elevated temperature yield strength was measured to be 
considerably lower than the room temperature and the extent of the relaxation due 
to creep was occurred very fast. Although the room temperature properties of the 
NiCoCrAlY bond coat are superior, its high temperature behaviour is found to be 
significantly lower.  
The high temperature measurements obtained in this research highlight one 
significant limitation of the microsample tensile technique. As the bond coats 
display a soft mechanical behavior at high temperature, the technique is not 
sensitive enough to measure accurately the elastic modulus and yield stress of the 
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NiCoCrAlY bond coat overlayer at temperatures above 650 ºC. Therefore the high 
temperature results in Figures 77, 78 and 79 should only be considered as 
illustrative of the soft behavior characteristic of the alloys at this range of 
temperatures. 
 
Figure 79 – Microsample creep constant results for the as-manufactured and thermally 
cycled bond coat (the creep exponent is 4) 
The same DIC apparatus was subsequently used to measure the thermal expansion 
coefficient of the bond coat. In this case, the bond coat specimens were placed 
inside a furnace and the DIC defined a grid which covered the bond coat sample. 
Then the furnace was heated up until 1150 ºC and the expansion of the bond coat 
was tracked by following the movement of the grid points. The DIC thermal 
expansion test setup is shown in Figure 80 and the results are presented in Figure 
81. 
 
Figure 80 - DIC setup for thermal expansion measurement of the bond coat 
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Figure 81 – Microsample thermal expansion coefficient results for the as-manufactured 
and thermally cycled bond coat 
Similarly to the mechanical properties, thermal expansion coefficient of the bond 
coat changes impressively with temperature, becoming much larger, when 
compared to the room temperature values. Therefore, this originates a much larger 
thermal mismatch stress between the ceramic coating and the bond coat, than if 
one only considers the room temperature data. Consequently, it is considered that 
the Al depletion from the bond coat can significantly influence the lifetime of TBCs 
after long-term thermal cycling and the change in properties must be taken into 
account when analysing the behaviour of thermal barrier coating systems during 
their service life. 
3.6. Thermally Grown Oxide 
The cross-sectional SEM images from Figure 60 can also be used to systematically 
investigate effect of long term thermal cycling on the oxidation kinetics, TGO layer 
morphology and degradation of EB-PVD TBCs with a NiCoCrAlY bond coat, which 
will ultimately lead to delamination and spallation induced failure.  
It is found that the interface morphology remains quite stable with no obvious 
increase in waviness over the entire thermal cycling process. The amplitude of the 
interface waviness is relatively small, which is attributable to the low initial 
surface roughness and the high yielding strength at high temperature of the 
NiCoCrAlY bond coat. Therefore, the rumpling mechanism is suppressed 
throughout the lifetime of this TBC system. Figure 82 gives an enlarged cross-
sectional image, which confirms that the TGO layer is uniform in thickness.  
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Figure 82 - Magnified view of the cross-sectional BSE image for the TBC system at half-life 
Figure 83 shows the cyclic oxidation kinetic curve of the TBC system, obtained by 
measuring the TGO thickness at ten different locations in each SEM micrograph 
using image processing software. As seen in the figure, there is a strong increase in 
the TGO thickness in the first 20 h, which is due to the fast formation of alumina 
at the beginning of oxidation. With increasing duration of thermal cyclic exposure, 
the TGO formation eventually reaches a plateau. Therefore, the TGO growth 
kinetics shows an approximately parabolic dependence upon time: 
ℎ2 = 2𝑘p𝑡 
Equation 32 
ℎ: TGO thickness 
𝑡: hot time 
𝑘p ≈ 0.03 µm2/h  
The results also show that the TGO critical thickness prior to interfacial 
delamination for this TBC system is ~4.0 µm. It means that, when this oxide 
thickness level is reached, the internal stresses in the TGO layer induced mainly as 
a result of thermal expansion mismatch between the layers are enough to induce 
delamination and interfacial cracking. Consequently, the reduction of the TGO 
growth rates through the optimization of the composition and microstructure of 
TBC systems will be essential in improving the service temperatures and lives of 
advanced gas turbine engines. 
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Figure 83 - TGO layer thickness versus number of 1h thermal cycles at 1100 ºC 
Generally, the growth rate constant 𝑘p has an Arrhenius relationship with the 
absolute oxidation temperature: 
𝑘p = 𝑘0exp �− 𝑄p𝑅𝑇� 
Equation 33 
𝑘0: constant 
𝑄p: activation energy for oxide growth 
𝑅: gas constant 
𝑇: absolute temperature 
As the growth of the TGO layer is kinetically controlled by the ingression of O2 in 
Al2O3 through the grain boundaries of the columnar EB-PVD TBC, the activation 
energy for this chemical process in the temperature range between 900 and 1200 ºC 
is ~450 kJ/mol  (168), which means that 𝑘0 ≈ 1015µm2/h. Therefore, the growth rate 
constant 𝑘p for any oxidation temperature within this range can be estimated from 
the above equation. 
The different oxidation stages of the bond coat can now be sketched in Figure 84: 
1. As-deposited: The bond coat is homogeneous, consisting of β-NiAl, γ-Ni and 
γ’-Ni3Al phases. 
2. Heating to 1150 ºC: Exposed to air at 1150 ºC, the Al2O3 oxides are formed 
in the bond coat/top coat interface. During ongoing oxidation, the NiO reacts 
with Cr2O3 to form NiCr2O4 spinels. 
3. Holding at 1150 ºC: Working at 1150 ºC, the inward transport of oxygen and 
the outward diffusion of Al through the oxide scale take place and new oxide 
grains are formed, resulting in an increase in TGO thickness. After 
oxidation for a period of time, this interdiffusion causes a change in the 
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atomic structure of the bond coat, and interdiffusion defects such as holes 
are formed. 
4. Cooling to RT: During cooling, the oxide scale with a low CTE will shrink 
less than the metal coating with a higher CTE, and as a result a 
compressive stress develops in the scale. When the residual stress is 
tolerable, the scale and the scale/coating interface keep a good condition. 
5. Repeated heating and cooling: During the following heating and cooling, the 
growth of the TGO causes the development of new stresses in addition to 
the thermal-mismatch stress. Due to the low ductility of the oxide scale, 
cracks start to form in the scale to relax these stresses. With further 
exposure, new cracks are nucleated and propagated along the scale/coating 
interface. When cracks link together, TBC spallation takes place. Moreover, 
during prolonged oxidation, the TGO formation takes place until the Al 
content in the BC is too low to generate a continuous scale. Thereby NiO, 
Cr2O3 and mixed-oxides of porous NiCr2O4 spinels emerge, and internal 
oxidation attack expeditiously happens into the bond coat. Consequently, 
the coating is degraded in a rather short time. That is, the stresses and the 
Al interdiffusion affect the integrity of the oxide scale and shorten the 
lifetime of the TBC system. 
 
Figure 84 - Schematic illustration of the change in the bond coat during oxidation (a) as-
deposited (b) heating to 1150 ºC (c) holding at 1150 ºC (d) cooling to RT (e) oxidized for a 
rather long time 
3.7. Ceramic Top Coat 
EB-PVD TBCs were studied in this research. These coatings have a columnar 
microstructure. The columns are loosely connected, and so the ceramic can follow 
the thermal expansion of the metallic substrate without developing high internal 
stresses. This behaviour is called strain tolerance and is essential for the durability 
of the ceramic thermal barrier on the metallic substrate (67). 
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The cross-sectional structure of the as-manufactured TBC, Figure 85, reveals a 
straight columnar structure from the bottom to the top of the coating with gaps 
between the columns. The width of columns as well as the gaps between the 
columns becomes gradually wider from the bottom to the top. As the top coat is 
deposited on a smooth surface, it contains very narrow columns with smaller 
intercolumnar pores close to the TGO and a more uniform overall structure with no 
growth defects. The coating surfaces comprise pyramidal tips with sharp facets. 
 
Figure 85 - Evolution of the cross-sectional morphology of the YSZ coating as it was 
thermally cycled by heating to 1150 ºC for 1h (a) as-manufactured, (b) half life, and (c) end 
of life (spalled) 
The effects of thermal cycling upon the cross-sectional structure of the coating are 
also depicted on Figure 85. Sintering bridges were clearly formed between adjacent 
columns during the first few thermal cycles. The pyramidal column tips gradually 
become more rounded and the columns gradually fused as thermal cycling 
continued. The main sintering mechanism for EB-PVD coatings is surface 
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diffusion, but since the global dimensions of the top coat deposited on the substrate 
cannot change significantly, the local material redistribution due to surface 
diffusion results in a change of the pore size distribution (289). Therefore, 
significant intercolumn porosity remained through the entire life of the coating. 
Thermal cycling eventually resulted in the formation of vertical cracks along the 
coating and small cracks in the TBC above local depressions in the bond coat. 
These regions frequently contain corn kernel defects which adhere poorly to the 
adjacent TBC (290). As the horizontal cracks propagate laterally, they interlink 
causing the eventual spallation of the coating. The preferred fracture path is 
located within 1-2 µm above the TGO layer through planes of pores created in the 
TBC during deposition. 
YSZ as formed by the EB-PVD process consists of the metastable t’ phase. On 
prolonged exposure at elevated temperatures, it decomposes into high yttria (cubic) 
and low yttria (tetragonal) phases. The latter transforms on cooling to the 
monoclinic phase with as associated large volume expansion by 4%, which 
eventually proves catastrophic and results in failure of the TBC (291). Therefore, it 
is important to understand if the current system experienced this phase 
transformation during the thermal cycling tests. 
The phase composition of the coatings before and after oxidation was identified 
by X-ray diffraction (XRD) using a Bruker D8 Advance diffractometer (Cu-Kα 
radiation, λ = 0.15406 nm) over 2θ values of 25-105º with a scanning rate of 2º/min 
by a step width of 0.02º. Figure 86 reveals the XRD patterns of the YSZ ceramic top 
coat. It can clearly be seen that, within the detectability limit of the XRD setup and 
for the time interval of the performed measurement, no monoclinic phase was 
detected in any of the samples and the samples exhibited only tetragonal peaks 
that matched the standard JCPDS card 26-0873 very well. This means that the 
ceramic top coat before and after oxidation consisted solely of tetragonal phase.  
 
Figure 86 - XRD patterns of the ceramic top coat (left) as-manufactured, (right) end of life 
In the 200 h oxidized sample, higher diffraction peaks of NiCo2O4 spinels were also 
detected. Due to the porosity and non-protective nature of spinels, it is indicative 
that the degradation of the TBC system is accelerated, as the coating reached the 
end of its Al-rich lifecycle. These results show that the depletion of Al in the bond 
coat promoted the onset of undesirable non-adhesive mixed spinel-type oxides, 
which means the TGO at the end of life is composed of a sub-layer of α-Al2O3 with 
mixed spinel-type oxide protrusions. 
 121 
Significant sintering can be observed to occur with thermal cycling. Several small 
columns start coalescing to form larger columns with wider intercolumnar gaps, 
Figure 85. The densified coatings reduce the thermal strain tolerance typical of EB-
PVD systems, which has a negative impact on TBC durability. During thermal 
cycling, microcracks between columnar grains are observed, which allows the 
release of stresses in the ceramic coat. These microcracks are therefore beneficial 
in extending the thermal cycling life of TBCs, as long as they don’t grow on a large-
scale. Close to the end of life, vertical cracks start developing inside the coating, 
when the stress (i.e. thermal stress) is accumulated to some extent especially in the 
dense sintered zones. These cracks eventually propagate down to BC surface. As a 
consequence, the occurrence of transverse (or vertical) cracks in ceramic layer down 
to the BC surface causes an abnormal oxidation at the ceramic/bond coat interface, 
as air can easily go through those cracks to the interface, and builds up growth 
stresses due to the volume swelling, which reduces the adhesion strength of the 
ceramic coat/bond coat interface. Hence, the sintering effect is one of the primary 
factors for the spallation of TBCs. 
The formation of sintering contacts between the columns also changes the 
mechanical properties of the EB-PVD top coat with annealing time, namely with an 
increase of the Young’s modulus. This is due to the fact that the elastic modulus of 
porous materials usually decreases with pore volume fraction but it is also pore 
morphology dependent (292). However, the initial increase of the Young’s modulus 
is then followed by a decrease for longer annealing times, which is caused by the 
vertical cracks that appear in the coating when the TBC is close to the end of life. 
Microindentation and nanoindentation are regarded as a fingerprint of 
materials, as they are usually adopted to characterize the mechanical properties of 
films and coatings such as elastic modulus and micro-hardness. Nanoindentation 
or microindentation experiments are fast to perform and do not require removing 
the films or coatings from their substrates. Thus, this method is routinely 
employed to investigate the elastic and plastic properties of various thin films and 
coating systems. Recently, the low-load and depth-sensing nanoindentation method 
has been successfully utilized to measure the mechanical properties of materials at 
the sub-micron and nano-scales, like ultra-thin films (293).  
However, the indentation itself generally only provides information on hardness 
and Young’s modulus. Moreover, thin films and thin/thick coatings are supported 
by their substrates, hence substrate-independent measurements of thin-film and 
coating system properties are complicated due to the small thickness of films and 
coating systems and the measuring instrument resolution. Another factor that 
convolutes the analytical deviation of a thin film’s mechanical properties is the 
complex deformation of the film/substrate or coating/substrate bimaterial or 
multilayered system (294). 
Some research work about the characterization of the mechanical properties of EB-
PVD zirconia TBCs by using the nanoindentation technique has been published. 
Because of the columnar microstructure of EB-PVD coatings the mechanical 
properties in the vertical and the horizontal direction are completely different. But, 
the column distortions caused by the impression and other deformation 
heterogeneities observed experimentally severely complicate a complete 
understanding of the plastic response (295). 
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Surface polishing of the cross sectioned ceramics can constitute another delicate 
issue. The so-called pull-outs or voids are produced in the surface and indentations 
are not always easy to position due to an increased porosity. Therefore, suitably 
dense areas should be chosen to be indented but, nevertheless, the porosity that 
might lie underneath the indent location cannot be predicted or avoided. 
The influence of indentation load on the elastic modulus and hardness values of 
ceramics has been investigated by several groups and it was reported that both 
exhibit significant dependence on the indentation load. For columnar 
microstructures, a general trend is that elastic moduli tend to decrease with the 
increase of the load applied, as with higher loads the indenter contacts several 
columns which means that it is in fact separating the columns, while with small 
loads the indenter is only in contact with one column during the measurement 
(296). To avoid these phenomena, measurements should be performed on the 
coatings by varying the indentation loads in order to search for the interval values 
of the applied force at which the obtained data tends to stabilize. At this point, the 
measured values represent a macroscopic characteristic on the material (useful for 
engineering purposes) and not one of small volumes of its microstructure, as the 
probed areas will test a group of many columns and not just one single or few, 
which offer a more than local perspective of the coating’s elastic modulus (297). 
In addition to the mechanical properties, nanoindentation can also be an effective 
and reliable method for measuring the pore content of the coating. And it has the 
potential to reflect the pore content more truthfully from the whole coating system 
with a three dimensional structure, when compared with image analysis (IA) of 
SEM micrographs recorded in backscattered mode, where porosity is measured as 
area percentage of dark features (pores) using binarized cross-section SEM images. 
It has been proposed that the elastic modulus 𝐸 and pore content 𝑝 have the 
following relationship (298): 
𝐸 = 𝐸0exp(−𝐵𝑝) 
Equation 34 
𝐸0: elastic modulus of perfect materials 
𝐵: constant 
It can be seen from the formula that, as the pore content increases, the effective 
elastic modulus will decrease. When the substrate and bond coat are fixed in terms 
of dimensions and material properties, the ratio between the depth of the 
impression after unloading 𝑈2′  and at maximum load 𝑈2 can be written as the 
following function relationship: 
𝑈2
′
𝑈2
= 𝑓�𝜑, 𝑟,𝐸,𝜎y 𝐸⁄ , 𝜂� 
Equation 35 
𝜑: shape coefficient 
𝑟: indenter dimension 
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𝐸: elastic modulus of the top coat 
𝜎y: yield stress of the top coat 
𝜂: other factors which will affect the value of 𝑈2′ 𝑈2⁄ , such as the coefficient of 
friction between the indenter and the coating surface 
When the indenter and other factors are fixed, the above formula can be rewritten 
as: 
𝑈2
′
𝑈2
= 𝑓�𝐸0,𝜎y,𝑝� 
Equation 36 
From this equation, it can be seen that as the intrinsic properties of the top coat 
are fixed, 𝑈2′ 𝑈2⁄  has a direct relationship with p (pore content of the top coat), so it 
can be concluded from the theory that the pore content can be measured and 
characterized by the surface nanoindentation technique: 
𝑈2
′
𝑈2
= 𝑓(𝑝) 
Equation 37 
Assuming 𝑈2′ 𝑈2⁄  which is dependent on p as the polynomial function relationship: 
𝑈2
′
𝑈2
= 𝜆0 + 𝜆1𝑝 + 𝜆2𝑝2 + ⋯+ 𝜆n𝑝n 
Equation 38 
𝜆i (𝑖 = 0, 1, 2, … ,𝑛): coefficient which is relevant with the impression depth 
When (𝑛 + 2) coating samples with the same dimension and materials, and 
prepared under the same conditions are chosen to conduct the nanoindentation test 
with (𝑛 + 2) different impression depths, then (n + 2) equations can be acquired, so 
that the (𝑛 + 2) unknown quantities can be solved and the pore content known. 
In all, the plastic deformation characteristic associated with the pile up or sink in 
phenomena in films and coating systems is very complicated, as it may be affected 
by multiple factors, such as loading rate, materials defects, indenter shape and 
dimension, the applied position of indenter, interface bonding of materials, heat 
treatment (such as high temperature, gas pressure, etc.), friction coefficient and so 
on (299). The deformation mechanism associated with these factors should be 
further understood in the future, so that nanoindentation can be considered an 
effective method for measuring the mechanical properties and pore content of 
coating systems. 
Therefore, in this study the evolution of the Young’s modulus in the TBC coating 
during thermal cycling was deducted from the in-plane thermal conductivity values 
calculated using a novel non-destructive approach. A detailed description of the 
thermographic method is given in Chapter 6. 
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A cross-correlation between mechanical and thermo-physical properties of 
heterogeneous solids have been studied by many authors (300). The in-plane 
thermal conductivity and the in-plane elastic modulus both increase monotonically 
with sintering time. However, the elastic modulus is more sensitive than the 
thermal conductivity to the TBC microstructure evolution. This means that after 
ageing for 100 h, the relative increases in thermal conductivity are smaller than 
the increase in elastic modulus. The different relative increases in in-plane elastic 
modulus 𝐸 and in-plane thermal conductivity 𝜆 are considered using the following 
equation (301): 
𝐸0 − 𝐸i
𝐸i
≅ 2 𝜆0 − 𝜆i
𝜆i
 
Equation 39 
subscript 0: values measured for the as-manufactured sample 
subscript i: values measured for the thermally cycled sample 
Using the thermal conductivity results determined by the one-sided thermal 
imaging method, which are shown in Figure 160, and the above equation, the 
evolution of the YSZ in-plane elastic modulus with thermal cycling can be 
estimated. Figure 87 summarizes the obtained values, which show that the effect of 
sintering is more pronounced during the early life of the TBC, where there is a 
significant growth in the in-plane elastic modulus values of the YSZ coating, from 
~18 GPa (as-manufactured) to ~34 GPa after 100 h of thermal cyclic exposure. This 
is an expected result, because sintering is responsible for the phenomena of closure 
effects, which consist in reduced inter- columnar distance and increased contact 
(i.e., improved inter-columnar bonding) and the disappearance of fine inter-
columnar pores produced by material diffusion (302).  
 
Figure 87 – In-plane elastic modulus vs. thermal cycling for the YSZ ceramic top coats 
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But as the TBC approaches the end of life, the YSZ in-plane elastic modulus 
registers a sharp decrease. This is due to vertical microcracks starting to emerge in 
the coating, which will affect the durability and effective substrate protection 
provided by thermal barrier coating systems. 
3.8. Interfacial Damage 
One of the crucial challenges for any numerical simulation is the identification of 
the associated material constants. In order to estimate the evolution of micro-
damage on TBC systems during high-temperature thermal exposure, it is 
necessary to understand the interfacial properties between the TGO and the other 
layers. 
However, due to the lack of experimental studies that evaluate these interfacial 
properties, those material constants are usually chosen by trail-and-error to match 
the experimental results on lifetime performance of thermal barrier coatings. 
Atomistic simulations of the debonding/sliding processes at the fault’s interface 
could be effective and useful in identifying these material parameters. 
Furthermore, careful micro-deformation experiments on individual interfaces are 
an alternative expensive approach to identify the material parameters associated 
with the interfacial damage mechanics in the normal and tangential directions.  
Nevertheless, this is beyond the scope of the current study and it will be a very 
important issue and a crucial challenge needing further investigation. 
3.9. Conclusions 
The evolution of the coating microstructure and thermo-mechanical properties 
under high temperature thermal cyclic exposure has been characterized for a 
standard commercial TBC system.  
It was consistently observed that all the TBC layers used to protect the Ni-based 
superalloy substrate from high-temperature corrosion and lower its metal surface 
temperature had its material properties significantly degraded by the long-term 
exposure to the high temperature oxidation environment characteristic of gas 
turnines. 
The results gained from this process are worth the effort, as a thorough material 
characterization of the TBC system was carried out, in order to provide the 
necessary input for the lifetime finite element model described in the next chapter.  
3.10. Future Work 
Future work on the evaluation of the TBC thermo-mechanical performance could 
include: 
 Application of a thermal gradient across the TBC using a burner rig flame 
testing apparatus. In a typical test, an equilibrated natural gas/oxygen 
flame heats the front of the TBC, while compressed air cools the back side 
(Figure 88). The front temperature is monitored using a pyrometer, and the 
substrate temperature is monitored by a thermocouple placed inside a hole 
drilled radially into the substrate. During cooling, the cooling air nozzle is 
brought in front of the TBC, and the heating-cooling process is repeated.  
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The conditions simulated in this test are closer to actual conditions in an 
engine, as compared to the conventional furnace test without thermal 
gradient.  
 
 
Figure 88 - Schematic diagram of thermal-gradient cyclic testing of TBCs during 
(A) heating and (B) cooling cycles 
 
Figure 89 - Thermal shock test rig 
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Figure 89 shows a typical thermal shock rig used to test the top coat 
material. It consists of a rotating wheel with eight positions: four are heated 
with a burner flame and the other four cooled with compressed air on the 
back side. The wheel is indexed to achieve a minimum of 75 s on the hot 
station and 75 s on the cold position. With proper burner gas flow 
adjustments, approximately 1100 ºC surface temperature on the hot side 
can be achieved. The sample backside is usually kept at 450 ºC by cold air 
coolers.  
This type of thermal-gradient cyclic testing is essential for improving the 
accuracy of the experimental analysis of TBC performance, because the use 
of just conventional furnace testing can lead to underestimation of TBC 
performance. The phenomenological reason for this is that in a gradient test 
the TBC surface cools through a larger temperature range than the 
substrate, which produces tensile stresses in the TBC. These tensile 
stresses partially cancel the overall compression produced in the TBC, if 
both the TBC and the substrate were cooled from the same temperature. 
This results in a net reduction in the driving force for fracture;  
 The oxidation behaviour and the resistance to hot corrosion of the bond coat 
is a crucial requirement of any TBC system. Therefore, a more careful 
determination of the oxidation kinetics will use a thermal gravimetric 
apparatus (TGA) comprising a digital recording microbalance and a vertical 
tube furnace. Samples are suspended from the balance into the furnace by 
means of a platinum wire and a platinum sample holder. Mass gain is 
attributed to the formation and subsequent growth of the TGO and the 
oxidation kinetics is expected to follow the equation: 
Δ𝑤 𝐴⁄ = �𝑘p𝑡�1 2⁄  
Equation 40 
Δ𝑤 𝐴⁄ : weight gain per unit surface area 
𝑘p: rate constant 
𝑡: hot time 
 Investigate the mechanical properties and porosity of the EB-PVD coatings 
by means of the nanoindentation experimental method and confirm the 
measured elastic modulus with the values obtained via laser-ultrasonics. 
The choice for this ultrasonic technique is based on the fact that the elastic 
modulus measured by this approach represents the overall coating 
microstructure. The elastic modulus is calculated from the ultrasonic 
velocity measured using a laser-ultrasonic experimental set-up (Figure 90) 
usually equipped with a short-pulsed Nd:YAG laser employed to generate 
the surface acoustic waves. For the detection, a long-pulsed Nd:YAG laser is 
coupled to an interferometer by optical fibers (303).  
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Figure 90 - The laser-ultrasonic setup (303) 
In addition, compare the measurements with finite element simulation of 
the elastic-plastic indentation process in order to provide a better 
understanding of the plastic response of several thermal barrier coating 
systems. The indentation process includes both loading and unloading, so 
the simulation steps should define the exterior surface of the indenter as 
rigid body, then give a little displacement in order to establish a proper and 
balanced contact between the indenter and the coating, followed by the full 
displacement that causes plastic deformation of the coating system, and 
finally make the indenter return to the original position allowing the elastic 
recovery to occur. 
The above ultrasonic methodology is only able to determine the averaged 
values for elastic moduli, which is somehow inadequate to describe the 
direction-dependent thermoelastic behaviour of anisotropic systems such as 
EB-PVD coatings. Resonant ultrasound spectroscopy (RUS) could offer a 
good alternative, as it is a dynamic and non-destructive method which can 
be applied to determine the components of the elastic stiffness/compliance 
tensor of materials. RUS involves the study of the mechanical resonance of 
solids in terms of the frequency spectrum, which is a rich source of 
information on the elastic and damping properties of materials (Figure 91). 
The ability to calculate the entire stiffness matrix from a single spectrum is 
a distinct advantage of this method. Another advantage of employing the 
RUS technique for coatings is that small amplitude excitations are adequate 
for the measurements (304); 
 
 
Figure 91 - Schematic of the RUS experimental setup (a) and example of a typical 
RUS spectrum where every frequency peak corresponds to an individual 
deformation or excitation mode (b) 
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 The performance of these ceramic coatings in operation at high 
temperature, in a corrosive atmosphere, and under mechanical loading 
depends largely on their microstructure, and particularly on the anisotropic 
distribution of pores, cracks, and interfaces that govern the thermal and 
mechanical properties of the coatings. Thus, a quantitative characterization 
of the ceramic top coat microstructural parameters such as the component 
volume fractions and the size, shape, and orientation distributions of the 
void networks will be done using the small-angle scattering method, by 
passing a monochromatic X-ray or neutron beam though the heterogeneous 
TBC sample. Part of the incident beam is scattered out of the incident beam 
direction when it crosses heterogeneities (e.g., voids) within the sample 
(305). The scattered intensity profile is then used to determine the three-
dimensional volume fraction (porosity) and size distribution of the 
scattering features (pores, cracks, voids), by analysing the one-dimensional 
scattering data measured in several azimuth directions. In addition, the 
small-angle scattering studies will elucidate the complex processing-
microstructure-property relationships, as the thermal conductivity and 
elastic modulus anisotropy for the top coat correlate well with the 
corresponding microstructural anisotropy determined by this method;   
 Employ an appropriate experimental methodology to determine the 
interfacial strength of the TBC system and its evolution during thermal 
cycling. Both indentation and three-point bend tests (Figure 92) are 
considered good candidates. The interfacial strength is a stochastic 
parameter that requires a statistical treatment. It is found that the 
interfacial bond strength has a characteristic scatter around a certain mean 
value. To evaluate this characteristic behaviour, Weibull (306) has described 
a statistical distribution function of fracture events using a parameter 
known as the Weibull modulus, which expresses the statistical scatter of 
fracture events. A high modulus indicates a low scatter. Based on a series of 
interfacial strengths obtained experimentally, after ordering them from the 
smallest to the largest, the interfacial strength can be estimated by means 
of Weibull distribution analysis;  
 
 
Figure 92 - A schematic view of the three-point bend test setup 
 Study other mechanisms of TBC degradation, like the impact of particles 
ingested into the gas stream (erosion) or CMAS attack, as illustrated in 
Figure 93. This can be done by simultaneously injecting particles or CMAS 
into the flame during the heating cycle. 
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Figure 93 - CMAS dust particles are preferentially captured on the leading edge 
and pressure surfaces (left) of turbine airfoils (118) 
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Chapter 4: Finite Element Model 
4.1. Introduction 
Full exploitation of heat reduction capabilities and service life of state-of-the-art 
TBC systems is only possible if reliable lifetime models are available. These must 
consider the thermal mismatch stresses, formation of thermally grown oxides and 
the significant changes of phase composition and local properties of each layer due 
to interdiffusion during high temperature exposure. 
The TBC modelling activities can be broadly classified into the following fields: 
i. Process modelling of the deposition of a ZrO2 based TBC: Usually, 
YSZ (ZrO2 + 7-8 wt.% Y2O3) is used as material for TBCs because of its 
phase stability up to high temperatures and its low thermal conductivity. 
Mechanical and physical properties of the TBCs depend on their highly 
inhomogeneous porous microstructure, which is strongly influenced by the 
deposition parameters, source materials and substrate properties. For 
control and development of the production process, the correlation between 
process parameters and coating properties, such as microstructure and 
thickness distribution on the substrate, is required. In many cases selection 
and control of the process parameters are based on the prior coating 
production experiences or on expensive experimental research, resulting in 
unacceptable efforts of time and money. The application of simulation 
methods in the correlation of process parameters with final coating 
characteristics reduces generally the cost of the TBC production (307).  
The main focus of process simulation is on the development of a user-
friendly simulation tool for industrial application in production controlling 
of TBCs for gas turbine blades. The simulation tool should provide the input 
of characteristic process parameters via a graphical user interface together 
with the analysis of the deposition simulation results. This means that the 
tool should allow a user the possibility to determine the process parameter 
combination for require coating properties without expensive experimental 
work. 
From a numerical point of view, TBC deposition is a complex process, which 
currently cannot be modelled and simulated in one single step. It has to be 
split in sub-processes, in order to provide easier numerical modelling. 
Therefore the simulation tool must control the sub-model calculations and 
handle the data between them. After the input of process parameters, the 
calculation begins as in reality with the simulation of coating formation by 
taking into account particle generation, acceleration, heating, impact and 
solidification on the solid substrate. Therefore, the modelling of coating 
formation has to couple unsteady multiphase fluid dynamics, tracing of 
sharp fluid interfaces, conductive and convective heat transfer, and rapid 
solidification (308). The result of the coating formation simulation is coating 
microstructure and this prediction can be compared with a real TBC 
microstructure for the validation of the numerical model. The calculation of 
the coating formation requests high parallel computer power, so that the 
simulation tool can be suitable for industry, where the time factor is 
essential.  
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For the determination of thermo-mechanical coating properties, 
homogenization methods combined with FEM describing the influence of 
the microstructure of the TBC on its properties, should be applied. The 
homogenization for periodic structures method considers the coating 
material to be homogeneous with effective properties taking into account 
the coating microstructure. The method uses the properties of the 
microstructure components (ceramics and voids in the present case) 
together with the representative volume element (RVE) of the 
microstructure as input. It starts with the handling of the microstructure 
data (SEM image or calculated coating microstructure) and goes through 
the definition of the RVE by approximating the random microstructure to a 
periodic one, and then calculates the temperature dependency of effective 
properties – Young’s modulus, heat capacity or thermal conductivity. 
The 3D distribution of coating particles on the substrate is essential for the 
calculation of its thickness. It depends on several parameters, such as 
particle velocity, temperature, size, location, deformation degree upon 
impact, and resulting coating porosity. The model uses as input these 
particle variables shortly before their impact. The relative movement 
between the particles depends on density, speed, temperature and viscosity 
of the particle material and describes its flow behaviour. The calculated 
particle distribution on the substrate can be used in combination with a 
robot controlling program for the calculation of the coating layer thickness. 
 
ii. Simulation of interdiffusion and phase transformation of the bond 
coat: In order to provide good oxidation protection, the BCs applied in TBC 
systems have high Al contents. During use, at the interface between the BC 
and TBC, a thin layer Al2O3 slowly grows at high temperature, with a 
growth rate controlled by the diffusion of Al and O. The Al needed for this 
process is provided from the BC, which thereby slowly loses Al to the TGO. 
This interdiffusion process does not only result in a loss of Al from the BC, 
but can also result in the formation of porosity, changes in the amounts of 
phases and formation of unwanted brittle phases in the interface region. 
The simulation of the interdiffusion process for different BC materials 
allows to chose which one has the lowest Al activity, as Al diffusion is 
controlled by the Al chemical potential (activity). 
Currently, the diffusion simulation uses a one spatial dimension approach, 
that takes into account the thermodynamic properties and diffusivities for 
each phase to calculate the actual phase equilibrium in each grid point of 
the cell centred at the BC/TGO interface. By comparing the overall mass 
fraction of Al left in the BC after the diffusion simulation, one can 
determine which BC material minimizes interdiffusion on allowing the 
smallest amount of Al to diffuse into the TGO. 
Future work could address simulation with two- and three-dimensional 
diffusion flux and the considerable deficit in property data availability. 
 
iii. FEM-based damage simulation: During service of TBC systems two 
damage mechanisms are observed: vertical thermomechanical fatigue 
cracks caused by high cyclic mechanical loadings like centrifugal forces in 
gas turbines, and in-plane cracks located at the TGO interfaces that occur 
due to thermal mismatch of the TBC multilayer system during cooling from 
the high temperature environment at the end of each service period.  
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Development and implementation of appropriate FEM models for initiation 
and propagation of transversal cracks and in-plane interfacial cracks has to 
take into account time- and temperature-dependent thermo-mechanical 
properties, plastic deformation of all layers through plasticity and creep 
mechanisms and parabolic oxide growth. Usually, a periodic two-
dimensional model is used for stress analysis and the cracks can be 
simulated using a line of cohesive zone elements or the vertical crack 
closure technique. 
Because the transversal cracks will end up mostly in fracture of the 
component and the interfacial cracks in delamination of the TBC that will 
expose the substrate alloy to turbine inlet temperatures higher than its 
melting point, the main aim of TBC damage simulation is to provide a life 
prediction tool covering the complete damage process from early microcrack 
formation, followed by local crack growth and macrocrack propagation until 
the catastrophic failure of the component.   
The main purpose of the finite element calculations performed in the present work 
is to synthesize a set of models in order to understand the parameters that have 
the biggest detrimental effect on TBC spallation, by ascertaining trends with 
constituent material properties and geometry. While a plethora of sensitivity 
studies have been carried out for TBCs (309), no study has quantitatively compared 
the relative importance of each parameter in the TBC lifetime by using a composite 
sensitivity index ratio. It is expected that some valuable conclusions can be 
obtained from predicting the residual stress distribution of TBCs in order to 
promote their durability. 
4.2. Analytical Models 
In service, residual stresses gradually generate and accumulate in the TBC due to 
the mismatch of material properties, which may eventually cause interface crack 
propagation and coating spallation (310). Thus, the evolution of residual stress 
plays an important role in predicting the life of TBCs. In the past decade, many 
engineering methods have been developed to evaluate the evolution of residual 
stress in different types of TBCs, such as X-ray diffraction (311), Raman 
spectroscopy(312), substrate removal (313), curvature measurement (314), 
photoluminescence piezo-spectroscopy (PLPS) (315) and indentation methods (316). 
At the same time, researchers have proposed the different forms of analytical 
solutions to evaluate the stress distribution of multilayer systems. 
The simplest analytical model involves assuming that the TBC system is only 
composed of the ceramic coating and the metallic substrate. The coating is 
considered to be significantly thinner than the underlying substrate and all 
interfaces are flat, so the normal stress to the coating surface is zero. At the 
beginning of the cooling stage, the entire TBC system is stress-free due to creep 
relaxation. These assumptions lead to the coating being under biaxial stress 𝜎B. 
In the elastic regime, the magnitude of the stress after cooling is proportional to 
the temperature drop Δ𝑇 (317): 
𝜎B = 𝐸TBC𝛼TBC1 − 𝜈TBC Δ𝑇 
Equation 41 
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𝐸TBC: elastic modulus of the coating 
𝛼TBC: thermal expansion coefficient of the coating 
𝜈TBC: Poisson’s ratio of the coating 
For the case of a plasma-sprayed zirconia, the calculated stress in the coating 
associated with cooling from 1150 ºC to room temperature is: 
𝐸TBC = 50 GPa 
𝛼TBC = 10 × 10−6 Co −1 
𝜈TBC = 0.25 
𝜎B = −750 MPa 
On cooling from high temperature, the continued contraction of the underlying 
metallic substrate puts the coating under a significant amount of compression. In 
the areas of the system with cracks at the interface between the coating and the 
substrate, the residual compressive stresses will lead to buckling delamination and 
spalling of the coating (318), which may result in the associated problems of 
structural integrity and stability, reduction in load-bearing capacity, stiffness 
degradation and global fracture of TBCs. 
The prediction of TBC failure can be based on a simplified analytical relationship 
that correlates TBC delamination with TGO development. The TBC failure 
model starts with the assumption that delamination occurs when the critical out-
of-plane residual stress intensity (𝐾res) is exceeded at the TGO/bond coat interface. 
In the absence of additionally applied out-of-plane stresses only the thermal 
mismatch and oxidation induced stresses contribute to the stress intensity. The 
modeling approach, therefore, reduces to an evaluation of the residual out-of-plane 
stress (𝜎res
out−of−plane). 
The out-of-plane stress of the multilayer thermal barrier system is a function of 
different thermo-mechanical properties and geometrical features (e.g. thermal 
expansion coefficients, Young’s moduli, thickness of the layers, maximum 
temperature) (319): 
𝜎res
out−of−plane = 𝑓(𝑑i,𝐸i,𝛼i,𝑇max) 
Equation 42 
𝐸i: elastic modulus  
𝛼i: thermal expansion coefficient 
𝑑i: thickness 
𝑇max: maximum temperature 
𝑖: refers to the layers of the TBC system 
The thickness of the thermally grown oxide 𝑑TGO changes with time. In the above 
relationship the parameters which do not significantly change during the oxidation 
tests can be joined to a constant parameter 𝐴 to obtain a simplified equation 
leaving only the TGO thickness as variable. Considering the normal residual stress 
for a convex asperity at the TGO/bond coat interface increases linearly with TGO 
thickness after an initial non-linear increase for small TGO thicknesses (320), the 
residual out-of-plane stress can be expressed as: 
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𝜎res
out−of−plane = 𝐴 ∙ 𝑑TGO 
Equation 43 
The growth of the TGO thickness follows the parabolic law: 
𝑑TGO = 𝑘 ∙ 𝑡n = 𝐶 ∙ exp �− 𝑄𝑅𝑇� ∙ 𝑡n 
Equation 44 
𝑡: oxidation time 
𝑘: oxidation rate constant  
𝑛: oxidation rate exponent  
𝑄: activation energy of the TGO growth  
𝑅: universal gas constant  
𝑇: temperature 
𝐶: pre-factor  
Yielding for the critical out-of-plane stress: 
𝜎c
out−of−plane = 𝐴 ∙ 𝐶 ∙ exp �− 𝑄
𝑅𝑇
� ∙ 𝑡n 
Equation 45 
Logarithmic notation and re-arrangement with respect to the accumulated 
oxidation time yields: 
ln(𝑡) = 𝑄
𝑛 ∙ 𝑅
∙
1
𝑇
+ 1
𝑛
�ln �𝜎cout−of−plane� − ln(𝐶) − ln(𝐴)� 
Equation 46 
In case of TBC failure the parameter 𝑡 provides a direct measure of the lifetime, as 
this model is based on the critical out-of-plane stress concept, which states that 
lifetime is terminated when a critical stress is reached. In graphical 
representation, the calculated lifetime of the TBC can be plotted as a function of 
inverse temperature (Figure 94). The slope in the ln(𝑡) − 1 𝑇⁄  diagram is 𝑄 𝑛 ∙ 𝑅⁄ , if 
the second term in the above equation is constant. It can be seen that the lower the 
oxidation temperature the longer is the expected lifetime. 
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Figure 94 - Lifetime of TBCs as a function of temperature 
The presented lifetime analytical model does not consider the slow crack growth at 
room temperature, which constitutes its biggest limitation. Nevertheless, it 
provides a good basis for the understanding the effect of temperature on 
delamination failure. 
When spalling is deemed to occur by edge delamination at the TGO/BC 
interface (as for smooth bond coat surfaces), the process is governed by the steady-
state energy release rate. The Mumm, Evans and Spitsberg model (290) is based on 
linear-elastic fracture mechanics and shows that for a TGO/TBC bilayer coating, 
the critical steady-state energy release rate before decohesion from the substrate is 
given by: 
𝐺ss = (𝐸1′ℎ1(1 + 𝜐1)𝜀1r + 𝐸2′ℎ2(1 + 𝜐2)𝜀2r)22(𝐸1′ℎ1 + 𝐸2′ℎ2) −𝑀Δ𝛫2  
The quantity M is the net moment acting on the bilayer coating, given by: 
𝑀 = 𝐸1′𝐸2′ℎ1ℎ2(ℎ1 + ℎ2)[(1 + 𝜐2)𝜀2r − (1 + 𝜐1)𝜀1r]2(𝐸1′ℎ1 + 𝐸2′ℎ2)  
while Δ𝛫 is the net curvature change of the bilayer upon decohesion: 
Δ𝛫 = 6[(1 + 𝜐2)𝜀2r − (1 + 𝜐1)𝜀1r]
ℎ1ℎ2
�
ℎ1 + ℎ2
ξ
� 
where the non-dimensional function ξ is given by:  
ξ = 𝐸1′
𝐸2
′ �
ℎ1
ℎ2
�
2 + 𝐸2′
𝐸1
′ �
ℎ2
ℎ1
�
2 + 4 �ℎ1
ℎ2
� + 4 �ℎ2
ℎ1
� + 6 
and  
𝐸1
′ = 𝐸11 − 𝜐12 ;  𝐸2′ = 𝐸21 − 𝜐22  
Equation 47 
𝜐: Poisson’s ratio 
ℎ: thickness 
𝜀r: residual strain 
𝐸: Young’s modulus 
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The subscripts 1 and 2 refer to the TGO and TBC layers, respectively. The residual 
strain is dominated by the thermal expansion mismatch, Δ𝛼, between the coating 
and substrate and by the temperature drop from the peak temperature, Δ𝑇. The 
critical TGO thickness can be calculated by equating 𝐺ss to the mode II interfacial 
toughness. If this toughness is assumed to be 80 J/m2 (321) and  
𝜐1 = 0.2  
𝜐2 = 0.3  
Δ𝛼1 = 7.5 × 10−6 Co −1  
Δ𝛼2 = 2.5 × 10−6 Co −1  
Δ𝑇 = – 1000 Co   
𝜀1r = Δ𝛼1Δ𝑇 ≈ – 0.0075  
𝜀2r = Δ𝛼2Δ𝑇 ≈ – 0.0025  
𝐸1 = 380 GPa  
ℎ2 = 80 µm  
the relationship between the critical thickness and TBC elastic modulus can be 
plotted, Figure 95. 
 
Figure 95 - Predicted TGO thickness for TBC buckling-delamination failure as a function 
of (a) YSZ Young's modulus (b) TBC thickness (c) interfacial toughness 
The result in Figure 95 indicates that the critical TGO thickness (and therefore the 
spallation lifetime) has a maximum value of ~6 µm at a ceramic coating modulus of 
~25 GPa. A large in-plane elastic modulus is responsible for higher misfit strains 
between the TGO and the TBC, whereas small coating modulus mean the residual 
strains in the TGO/TBC bilayer induced by the substrate are essentially reflected 
in the TGO layer.  
The analysis also highlights the importance of the top coat thickness and interface 
toughness. It should be noted that even modest increases of toughness (from 80 to 
90 J/m2) are predicted to increase the critical thickness of a TBC with a 30 GPa 
Young’s modulus by about 1 µm and therefore increase the lifetime of the coating. 
While changes to the coating thickness are predicted to have little effect upon life, 
they do affect the optimum elastic modulus for maximum life, where thicker 
coatings require the use of a lower coating modulus. This result means that larger 
in-plane modulus or greater coating thickness increase the energy release rate G 
and thus reduce the durability. 
The analytical studies, however, have some limitations which can result in 
erroneous results and may lead to incorrect conclusions regarding the stress 
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distribution in TBCs after prolonged thermal cycling exposure. Some of these 
limitations are outlined below: 
1. The coating is considered homogenous and the effect of the columnar 
microstructure in EB-PVD systems is not taken into consideration. The 
formation of these columns significantly alters the elastic modulus of the 
coating, causing an anisotropic behaviour; 
2. The effect of sintering is neglected. Sintering is a temperature dependent 
process that increases the thermal conductivity of the coating, redistributes 
stresses and more importantly increases the elastic modulus of the coating. 
Hence, the elastic modulus of the coating will increase during high 
temperature service. 
3. Close to the end of life, cracks are observed in the coating microstructure. 
The formation and propagation of these cracks has two major consequences: 
a. Cracking releases some of the stress in the coating; 
b. Cracking also alters the elastic modulus of the coating, making this 
property dependent on the location of the cracks within the ceramic 
top coat. 
The competition detailed above between elastic modulus decrease due to cracking 
and increase due to sintering is rather complex and beyond the scope of typical 
analytical analysis. 
4.3. Finite Element Model 
Analytical simulations are generally conducted for the case of thermo-elastic 
deformation. However, in practical situation the inelastic deformations such as 
plastic and creep deformations occur, which can produce different stress states in 
TBCs, possibly leading to other critical conditions of failure of TBCs. The details of 
the effect of the inelastic deformations on thermal stress states in TBCs can be 
numerically investigated. In addition, the method can include other phenomena 
responsible for time-dependent failure of TBCs, like growth of the TGO, sintering, 
temperature-dependent material properties and their evolution with time. 
A new thermo-mechanical model has been formulated using the commercial finite 
element code Abaqus to investigate the residual stresses arising during service of 
the thermal barrier coatings system. The numerical simulations take into account 
all the parameters that crucially affect the stress state of the coatings during 
service, such as thermal mismatch and elastic-viscoplastic behaviour of the 
material constituents, oxidation of the bond coat, complex shape of the 
TBC/TGO/BC interface and redistribution of stresses via creep.  
4.4. TBC Composition and Calculate Domain 
The TBC system model is composed of the same materials used in the experimental 
work, i.e. an Inconel 738LC substrate, a NiCoCrAlY bond coat (BC) and an EB-
PVD yttria stabilized zirconia (ZrO2-8 wt.% Y2O3) top coat. The thickness of each 
layer is considered to be 1.6 mm, 0.1 mm, and 0.25 mm, respectively. An initial 
thermally grown oxide layer of 0.5 μm in thickness is considered between the top 
coat and the bond coat (Figure 96). 
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Figure 96 - TBC system model 
 
Figure 97 - Finite element mesh and boundary conditions 
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Through the irregular ceramic/metal interface, the asperity can be convex or 
concave with different amplitude and wavelength (see experimental Figure 111). 
Two dimensional (2D) periodic unit cells, composed of the four layers, have been 
implemented. In this approach, the TBC/BC rough interface is modeled by a 
sinusoidal wavy interface with a wavelength (λ) of 40 μm and amplitude (A) equal 
to 2 μm. Due to its symmetry, the calculation domain is reduced to a half period 
(λ/2) of wavelength. The symmetrical boundary condition is imposed on the left side 
and the periodicity boundary condition is imposed on the right side of the model by 
Multi-Point Constraint (MPC) (322), which permits the affected mesh nodes to 
move freely but simultaneously in the horizontal direction (see Figure 97). In 
addition, the bottom boundary is constrained from motion in the vertical direction. 
For this representative region, a 2D mesh is generated by four-node bilinear 
quadrilateral elements with generalized plane strain approximation (CPEG4 in 
Abaqus notation). To improve the result accuracy, the interface layer has been 
discretized with a small element size in the order of 0.003 μm. Perfect bonding 
between TBCs layers is assumed. 
4.5. Materials Behaviour and Properties 
In the model, all layers are considered to be isotropic and homogenous, except the 
top coat which is transversely anisotropic and they are all characterized by an 
elastic and viscous-plastic behaviour. The properties of the materials are 
temperature dependent as listed in Table 10, where the properties that were not 
experimentally measured in the previous Chapter were taken from reference (323).  
Properties Substrate BC TGO TBC 
Young’s 
modulus 
(GPa) 
211 (25 ºC) 
188 (400 ºC) 
157 (800 ºC) 
139 (1150 ºC) 
200 (25 ºC) 
190 (200 ºC) 
175 (400 ºC) 
160 (600 ºC) 
145 (800 ºC) 
120 (1000 ºC) 
110 (1150 ºC) 
400 (25 ºC) 
390 (200 ºC) 
380 (400 ºC) 
370 (600 ºC) 
355 (800 ºC) 
325 (1000 ºC) 
320 (1150 ºC) 
Table 12 
Poisson 
ratio 
0.30 0.30 0.25 0.10 
Yield/flow 
stress 
(MPa) 
1185 (25 ºC) 
1065 (400 ºC) 
1020 (800 ºC) 
740 (1150 ºC) 
868 (25 ºC) 
807 (200 ºC) 
562 (400 ºC) 
321 (600 ºC) 
191 (800 ºC) 
92 (1000 ºC) 
52 (1150 ºC) 
1000 (1000 ºC) 
100 (1150 ºC) 
1000 (1000 ºC) 
100 (1150 ºC) 
Coefficient 
of thermal 
expansion  
(ppm ºC-1) 
12.6 (25 ºC) 
14.0 (400 ºC) 
15.4 (800 ºC) 
16.3 (1150 ºC) 
13.6 (25 ºC) 
14.2 (200 ºC) 
14.6 (400 ºC) 
15.2 (600 ºC) 
16.1 (800 ºC) 
17.2 (1000 ºC) 
17.6 (1150 ºC) 
8.0 (25 ºC) 
8.2 (200 ºC) 
8.4 (400 ºC) 
8.7 (600 ºC) 
9.0 (800 ºC) 
9.3 (1000 ºC) 
9.6 (1150 ºC) 
9.68 (25 ºC) 
9.68 (200 ºC) 
10.0 (400 ºC) 
10.5 (600 ºC) 
11.0 (800 ºC) 
12.2 (1000 ºC) 
12.6 (1150 ºC) 
Density 
(kg/m3) 
8220 7320 3978 5650 
Table 10 - Physical properties of different layers function of temperature  
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For all layers, the following Norton power-law creep behaviour is used: 
𝜀ċr = 𝐵𝜎n 
Equation 48 
𝜀ċr: strain rate 
𝐵: creep prefactor  
𝜎: stress 
𝑛: power-law creep exponent 
 
The coefficients 𝐵 and 𝑛 are also temperature dependent as listed in Table 11. 
Layer 𝑩 (s−1 MPa−n) 𝒏  Temperature (ºC) 
TBC 1.8 × 10-7 1 1000 
TGO 7.3 × 10-10 1 1000 
BC 6.0 × 10-30 
5.0 × 10-13 
8.0 × 10-12 
8.0 × 10-11 
4 
4 
4 
4 
≤650 
  750 
  850 
≥950 
Substrate 1.0 × 10-36 
2.2 × 10-9 
1 
3 
25 
1150 
Table 11 - Creep properties of materials (324) 
As the microstructure of the TBC system evolves with time, the material properties 
are also time dependent. This dependence has been neglected in the majority of the 
finite element models available in the open literature. In the case of the two-phase 
NiCoCrAlY bond coat, the β to γ phase transformation, due to the depletion of Al to 
form the TGO, significantly changes the thermal and mechanical properties of the 
layer. Those changes were experimentally measured using microsampling and DIC 
techniques, and the results presented in the previous chapter were used in the 
present model. 
Furthermore, sintering in the ceramic top coat influences the evolution of the 
anisotropic behaviour of the YSZ elastic modulus with oxidation time. Table 12 
resumes the input values used in the model, based on the results depicted in 
Figure 87. 
Time 
(hours) 
Temperature (ºC) Young’s 
modulus 
(GPa) 25 200 400 600 800 1000 1150 
0 183 175 168 163 159 155 153 E2 18.3 17.5 16.8 16.3 15.9 15.5 15.3 E1 = E3 
100 205 196 188 182 178 174 171 E2 33.9 31.6 30.2 29.4 28.5 28.1 27.7 E1 = E3 
200 183 175 168 163 159 155 153 E2 12.3 11.5 10.8 10.3 9.9 9.5 9.3 E1 = E3 
Table 12 - Effect of sintering time and temperature on the transversely anisotropic elastic 
moduli of YSZ (1 and 3 are the in-plane directions and 2 is the out-of-plane direction) 
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4.6. Alumina TGO Behaviour 
In the finite element model, growth of the oxide layer at high temperature is 
modelled by anisotropic swelling of the elements in the TGO layer. The oxidation 
process starts above 900 ºC and is maintained in the heating dwell-time at 1150 ºC. 
Usually the growth of the TGO layer is considered in the perpendicular direction to 
the TGO/BC interface. Although TGO growth is mainly in the thickness direction, 
due to the fact that oxygen diffusion through Al2O3 is much faster than the 
diffusion of metal ions, the TGO also grows in lateral direction, as shown on the left 
of Figure 98. Therefore, in the present research, simulation of the lateral TGO 
growth as well as the normal one is considered in the system.  
 
Figure 98 - Illustration of the mechanism governing TGO growth (3) 
If 𝑠 is the TGO thickness, the growth rate ?̇? can be calculated from Tamman’s law 
(325): 
𝑠2 = 𝑘p𝑡 ⇒ ?̇? = 𝑘p2𝑠 
Equation 49 
𝑘p = 1.5 × 10−17m2/s : parabolic growth constant of the oxide scale 
𝑡: oxidation time 
The value for the parabolic growth constant reflects the behaviour of α-Al2O3 scales 
at 1150 ºC measured in this work. The growth rate ?̇? changes for all cycles, 
according to the parabolic growth law stated above. Nevertheless, at larger TGO 
thicknesses the growth rate is in nearly constant.  
For the finite element simulations, the strain rate 𝜀⊥̇ has to be given: 
𝜀⊥̇ = ?̇?𝑠 
Equation 50 
If the growth rates in thickness and lateral direction are denoted by 𝜀⊥̇ and 𝜀∥̇, 
respectively, the ratio 𝛽 between growth in thickness and growth in lateral 
direction can be defined as:  
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𝛽 = 𝜀⊥̇
𝜀∥̇
 
Equation 51 
𝛽 is chosen to be 10, in agreement with reference (1). 
4.7. Thermal History 
EB-PVD induces an extremely large thermal gradient during deposition and build-
up of the TBC. Under many instances, residual stresses form within the coating 
and substrate. As the nature of the residual stresses will influence subsequent 
fatigue behaviour of TBC coated samples, it is essential to calculate the residual 
stresses in each layer of the composite at the end of the deposition process (326).  
The thermal cycle consists of two steps: first, the deposition of the hot ceramic 
layer onto the surface of the underlying materials (Step-1), second, the thermal 
loading cycle affecting the top-coat during the service (Step-2). 
In the first step, the coating deposition temperature over the TBC sample is 
uniform at 1150 ºC and the initial stresses are assumed to be zero, as the residual 
stresses introduced during coating deposition and buildup would relax by creep at 
exposure to this high temperature for an extended period of time. Then, the entire 
TBC is cooled down to ambient temperature (25 ºC) in 5 min. 
The temperature profile of the thermal cycling loading in the second step is 
described as follows: 
1. The TBC is heated to 1150 ºC in 5 min; 
2. The temperature of the TBC sample is held for 60 min at 1150 ºC; 
3. After that, the TBC is cooled to 25 ºC in 5 min; 
4. The previous steps are repeated for n cycles. 
The residual stresses calculated in Step-1 are considered as the initial condition to 
the study of stress distribution in the TBC system during the thermal cycling step. 
When the specimens are exposed to 1150 ºC, it is expected that the majority of 
residual stresses introduced during the coating step will relax (327). 
Figure 99 shows the temperature profile of the TBC sample. The influence of 
thermal cyclic loading on the stress distribution is compared with the case of single 
thermal cycle. The time of oxidation for both cases was chosen so that at the end of 
the heating dwell-time the TGO thickness reaches about 4 μm. This means that for 
cyclic loading, 200 cycles were run, while for single cycle, 200 h were simulated. 
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Figure 99 - Temperature profile of the TBC sample subjected to thermal loading: (a) single 
cycle and (b) multiple cycles 
4.8. Results 
 
4.8.1. Stress Distribution 
After the coating process and during cooling to room temperature, the difference in 
thermal expansion coefficient between the layers causes significant stresses in the 
TBC system. Numerical results of the in-plane and out-of-plane stress distributions 
after cooling from the coating deposition temperature are presented in Figure 100. 
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Figure 100 - In-plane (S11) and out-of-plane (S22) residual stress generated by the coating 
process (in MPa) 
The simulations show that after the coating process, the final in-plane stresses 
generated in the TGO are compressive (~−3.5 GPa), as well as in the top coat 
(~−200 MPa), whereas in the bond coat the residual stresses are found to be 
predominantly in tensile state (~300 MPa). Concerning the out-of-plane stresses, it 
can be observed that the maximum tensile stresses appears at the peak of the 
BC/TGO interface (~200 MPa). 
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Figure 101 - In-plane (S11) and out-of-plane (S22) stress distribution at the TBC, after 200 
thermal cycles (in MPa) 
It is known that the normal stress components, normal to the interfaces, lead to 
the much more likely mode I fracture, as compared to the mode II fracture from the 
shear stress component that acts along the tangential direction, as the tensile 
fracture toughness of these interfaces is substantially much weaker than the shear 
fracture toughness. Therefore, it follows that this study will not be interested in 
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the evaluation of the shear stress effects on the TBC. On the other hand, the crack 
at the interfaces leading to the delamination of the TBC layer is due to the effect of 
the out-of-plane stress component, whereas vertical cracks and bucking of the TGO 
are due to the effect of the in-plane stress component. 
In order to analyze the final stresses after service (Step 2), the numerical results 
take into account the residual stresses due to the coatings process (Step 1). During 
service, the stress state s of the as-coated ceramic can change due to stress 
relaxation and thermal growth oxide during the high temperature operation.  
The results depicted in Figure 101 show that after 4 μm TGO growth at high 
temperature and after cooling, the in-plane compressive stresses at the TGO layer 
have a maximum of −5.5 GPa, while the average stresses are −2.5 GPa, which 
represents a decrease from −3.5 GPa at the end of the coating process. At the same 
time, two important out-of-plane tensile zones appear in the peak region of the 
BC/TGO interface (~550 MPa) and in the valley region of the TBC/TGO interface 
(~450 MPa). 
4.8.2. Sensitivity to Mesh Design 
After the FE model was created, a sensitivity study was carried out to determine 
the optimum mesh density by comparing the average and maximum in-plane stress 
in the TGO for two FE models with different element sizes. The mesh densities are 
depicted in Figure 102, while the analysis results are presented in Figure 103. 
 
Figure 102 - In-plane stress (S11) contours at the TBC plotted for two FE models with 
different mesh density after 200 thermal cycles (MPa) 
The figures reveal that the average and maximum in-plane stress in the TGO does 
not change much for both FE models. Thus to minimize computing time, and at the 
same time ensure the adequate accuracy of the results, the FE model with 11,000 
elements was chosen for the subsequent analysis.  
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Figure 103 - Variation in the maximum and average in-plane compressive stress at the 
TGO layer with mesh density 
4.8.3. Simulation Simplifications 
For simplification, many researchers develop their finite element analyses of TBC 
systems considering the thermo-mechanical properties of all layers to be time- and 
temperature-independent. These assumptions significantly speed up the 
simulation, but affect the accuracy of the calculated stress distribution after 
thermal cycling.  
Figure 104 shows the distribution of residual stresses in the TGO after 200 
thermal cycles, for the case of a TBC system with time- and temperature-
independent properties, i.e. supposing the properties of each layer do not change 
throughout the entire simulation, are equal to the room temperature values and 
that no creep behaviour is included in the model. 
By comparing Figure 101 with Figure 104, it can be seen that distribution of 
stresses in the TGO is qualitatively the same, with compression along the 
horizontal direction and tensile out-of-plane stresses located in the peak region of 
the BC/TGO interface and in the valley region of the TBC/TGO interface. But 
quantitatively the results deviate drastically, as for the simplified model the 
maximum in-plane stress is −340 MPa and the out-of-plane tensile stresses are 50 
MPa for the BC/TGO interface and 15 MPa for the TBC/TGO interface. 
Creep properties play an important role in the failure mechanisms of TBC systems 
(328). Therefore, the over-simplification of a 2-dimensional FEM simulation to 
reduce the number of system parameters by, for example, neglecting the influence 
of the creep properties in the lifetime of the coating system, would possibly lead to 
inaccurate conclusions for optimizing real thermal barrier coating systems. 
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Figure 104 - In-plane (S11) and out-of-plane (S22) stress distribution for a TBC system with 
time- and temperature-independent properties, after 200 thermal cycles (in MPa) 
4.8.4. Sensitivity Index Ratio 
To get a quantitative estimation of the effect of each parameter in the TBC 
lifetime, a sensitivity index ratio, 𝑆, has been defined to relate the average strain 
energy release rate in the TBC (𝐺TBC) and TGO (𝐺TGO), and the maximum in-plane 
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(𝜎11) and out-of-plane stress (𝜎22) in the TGO, to the durability of the thermal 
barrier coating system: 
𝑆 = 14 � 𝐺TBC{𝐺TBC}𝑟𝑒𝑓 + 𝐺TGO{𝐺TGO}𝑟𝑒𝑓 + 𝜎11{𝜎11}𝑟𝑒𝑓 + 𝜎22{𝜎22}𝑟𝑒𝑓� 
Equation 52 
where (𝑟𝑒𝑓) refers to a reference value, which in the present study refers to the 
numerical results presented in Figure 104. If 𝑆 > 1 it means that the variation of 
the parameter being studied will induce a shorter TBC lifetime, while if 𝑆 < 1 the 
parameter will improve the conditions of the coating during service, leading to 
higher component life. 
Experimental and numerical work (329) has shown that the failure modes of TBCs, 
namely the spallation of the top YSZ coating, are driven by the high interfacial 
tractions that develop at the TGO interfaces upon cooling. The driving force for the 
nucleation of interfacial cracks is intrinsically linked to the local stress conditions. 
The four parameters present in the above equation were considered to be the most 
relevant when studying interfacial failure in TBC systems. As a starting point, the 
four parameters were assumed to contribute equally to TBC spallation. It is 
planned that future studies will fine tune the weight of each parameter, in order to 
improve the accuracy of the proposed sensitivity index ratio. 
Results from the set of calculations in which several TBC parameters were varied 
by 50% in order to predict their sensitivity are summarised in the following graphs. 
 
Figure 105 - Sensitivity of the TBC material parameters 
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Figure 106 - Sensitivity of the TBC thermal loading history 
 
Figure 107 - Sensitivity of the layer thickness in the TBC system 
The numerical predictions show that in terms of TBC material parameters, 
increasing the sintering resistance of the top coat will have the biggest positive 
impact in the TBC service life, as the in-strain compliance of the EB-PVD top coat 
is retained. On the other hand, increasing the high temperature bond coat strength 
will have a negative outcome, as it prevents the TBC system relaxing during 
cooling from high temperature. In terms of thermal loading history, raising the 
oxidation temperature will significantly impair the long term performance of the 
TBC system, and the same is valid for a coating with an initial high TGO 
thickness. These results are consistent with previous experimental and numerical 
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schemes (330), but, to the best of the author’s knowledge, this is the first time that 
a simple parameter has been proposed to quantitatively compare the effects of such 
a range of parameters. 
These examples demonstrate the usefulness of the present finite element model in 
providing guidelines to the coating designers, by identifying the most critical 
parameters affecting the onset and extension of interfacial damage. The sensitivity 
index criterion enables the determination of optimal configurations for the TBC 
system from a fail-safe point of view. 
The finite element model developed in this investigation allows the simulation of 
more complex scenarios that are more representative of some of the environments 
and behaviours on thermal barrier coating systems applied in the field.   
4.8.5. Non-Uniform Temperature Distribution 
Up to now, the temperature distribution was only assumed to be homogeneous. 
However, during service at high temperature, the low thermal conductivity of the 
TBC layer constitutes a thermal barrier to the heat transfer toward the underlying 
materials (Figure 108). The main mechanisms responsible for the distribution of 
non-homogenous temperature along the system are thermal transfer between the 
different layers by conduction and to the surrounding environment by convection. 
Consequently, a model that considers non-homogenous temperature distribution in 
comparison to one with homogenous temperature is far more realistic. 
 
Figure 108 - Qualitative temperature distribution across the TBC system 
During service, the thermal cycle of the top coat free surface in contact with the hot 
gas consists in the same three stages: 
1. The heating stage from 25 ºC to 1150 ºC in 5 min;  
2. Dwell time at 1150 ºC during 60 min; 
3. Cooling stage from 1150 ºC to 25 ºC in 5 min.  
Simultaneously, another thermal boundary condition is imposed at the TBC/BC 
interface. It follows the same sequence imposed to the top coat free surface but 
with the following temperatures:  
1. Heating from 25 ºC to 1000 ºC in 5 min; 
2. Keeping at 1000 ºC during 60 min;  
3. Cooling from 1000 ºC to 25 ºC in 5 min. 
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The temperature distribution in the TBC system during the dwell time at 1150 ºC 
is shown in Figure 109. This non-homogenous temperature distribution is more 
realistic as the temperature gradient is much more important in the ceramic layer 
than in the other layers considering their respective thickness. 
 
Figure 109 - Temperature distribution into the system during high temperature 
The non-homogenous temperature model has to take into account the fact that the 
ceramic top layer has an intrinsically different sintering rate compared to that 
considered in the homogenous temperature case. In addition, as the TGO is only 
exposed to a maximum temperature of 1000 ºC, its growth rate will be significantly 
lower. Therefore, both rates (sintering and TGO growth) were reduced by 50% for 
the simulation – Figure 110. Similarly to the TGO, the bond coat only experiences 
a maximum temperature of 1000 ºC. Therefore, no beta to gamma transformation 
takes place during the simulation, as only 200 thermal cycles were numerically 
calculated. 
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Figure 110 - In-plane (S11) and out-of-plane (S22) stress distribution at the TBC, after 200 
thermal cycles with non-homogenous temperature distribution (in MPa) 
Comparing the residual stresses after thermal cycling between a non-homogenous 
temperature system (Figure 110) and the homogenous temperature model (Figure 
101), it can be seen that in both cases the stress distribution follows the same trend 
of variation. The TGO is also subjected to highly compressive in-plane stresses and 
high tensile out-of-plane stresses are localized at the peak of the BC/TGO interface 
(~550 MPa). 
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However, the localization and value of some of the highest stresses between the 
homogeneous and non-homogeneous temperature system are not comparable. In 
fact, for the homogenous temperature model, the valley region of the TBC/TGO 
interface obtains high tensile out-of-plane stresses, while the results obtained for 
the model with non-homogenous temperature don’t show any significant out-of-
plane stresses. At the same time, the maximum compressive stresses at the TGO 
layer are −3.5 GPa which is significantly less than for the homogenous model case 
(−5.5 GPa), while the average stresses are −2.6 GPa which is similar to −2.5 GPa 
registered for homogenous temperature distribution. 
4.8.6. Non-Uniform TGO Growth 
Experimental observations show that the TGO growth is generally non-uniform in 
the ceramic/metal interface. Figure 111 confirms that the non-uniform growth rate 
of the TGO layer is more important when the interface is noticeably rough. 
 
Figure 111 - Different TGO growth rate at the ceramic/metal interface (331) 
Figure 112 compares the numerical results that take into account a uniform 
growth of the oxide layer on rough interfaces of 4 μm with the case of non-uniform 
growth after 4 μm growth in the peak region and 6 μm growth at the TGO valley 
region. 
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Figure 112 - In-plane (S11) and out-of-plane (S22) stress distribution at the TBC with rough 
interface, after 200 thermal cycles with a (a) uniform and (b) non-uniform TGO growth (in 
MPa) 
The results show that after 4 μm TGO growth at high temperature the maximum 
compressive in-plane stresses existing in the peak zone of the TGO/BC interface 
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increase from −7 GPa (uniform) to −11 GPa (non-uniform), while the mean value 
goes from −1.7 GPa to −1.5 GPa. Concerning the out-of-plane stresses, no 
significant change happens between the two cases, with both showing maximum 
tensile values of ~650 MPa. 
4.8.7. Single Crystal Superalloy Substrate 
 
Figure 113 - In-plane (S11) and out-of-plane (S22) stress distribution at the TBC with single 
crystal CMSX-4 substrate, after 200 thermal cycles (in MPa) 
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The substrate used for the simulations was a polycrystalline material and therefore 
its material properties were considered isotropic. However, directionally solidified 
single crystal superalloys can also be used to produce turbine blades by advanced 
casting techniques. A fundamental difference between single and polycrystalline 
alloys is the Young’s modulus. For single crystal CMSX-4, it strongly depends on 
the orientation: along the growth axis [100] it is much lower than the one of 
polycrystalline Inconel 738LC.  
Figure 113 shows that the maximum and mean in-plane stresses in the TGO are 
−3.9 GPa and −1.9 GPa, respectively, while the maximum tensile out-of-plane 
stresses are ~400 MPa at the BC/TGO interface and ~350 MPa at the TBC/TGO 
interface. These lower stress levels in the coating explain the prolonged lifetime 
experimentally observed on CMSX-4 substrates.  
4.8.8. Pt-Modified Aluminide Bond Coat 
The processed bond coat of TBCs is typically a diffusion platinum-modified nickel 
aluminide based on the β-NiAl intermetallic compound or an overlay MCrAlY 
(where “M” represents Co, Ni, Fe, or mixed combination), employed to improve the 
adhesion between the ceramic top coat and the substrate and provide satisfactory 
resistance to oxidation. Diffusion coatings, such as Pt-aluminides, typically fail due 
to rumpling of the TGO which causes deformation of the soft underlying BC, 
resulting in cracking along the TGO interfaces (25). By lowering the BC strength, 
this model was used to simulate the behaviour of a TBC system with a diffusion 
bond coat, instead of the overlay MCrAlY used so far. 
The maximum and mean in-plane stresses in the TGO that are observed in Figure 
114 are −5 GPa and −2.3 GPa, respectively, while the maximum tensile out-of-
plane stresses are ~600 MPa at the BC/TGO interface and ~400 MPa at the 
TBC/TGO interface. This result shows that a softer BC results in a reduction of the 
in-plane stress level within the TGO, although the associated increase in 
roughening causes an increase in the out-of-plane tensile stresses. 
4.8.9. Plasma-Sprayed Top Coat 
The plasma spray process usually involves melting of feedstock materials in a 
plasma plume and rapidly transporting these molten particles to the substrate, 
where rapid solidification of individual particle occurs upon impingement. 
Successive build-up of these “splats” results in a layered arrangement in the 
coating, analogous to a brick-wall-like structure where the splats are entwined in 
complex arrays. This splat-based layered microstructure leads to an intrinsic 
anisotropy of the coating in the direction perpendicular to the spray direction (332).  
Although the coating property is different at the spray direction and the interface 
direction, the micro-defects, such as pores and cracks, have no evident direction 
and the arrangement is irregular, so the mechanical properties at different 
directions have little difference. Therefore, in a first approximation, the coating can 
be viewed as isotropic. 
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Figure 114 - In-plane (S11) and out-of-plane (S22) stress distribution at the TBC with a 
diffusion Pt-aluminide bond coat, after 200 thermal cycles (in MPa) 
The simulation of plasma sprayed TBCs is, as a result, performed by changing the 
elastic modulus of the top coat in all directions according to Table 13. These values 
are also time-dependent and were altered following the same trend as given in 
Table 12. 
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Material Temperature (ºC) Young’s Modulus (GPa) 
APS YSZ 25 48 
200 47 
400 44 
600 40 
800 34 
1000 26 
1150 22 
Table 13 - Young’s modulus of plasma sprayed thermal barrier coatings (157) 
 
Figure 115 - In-plane (S11) and out-of-plane (S22) stress distribution at the TBC with a 
plasma-sprayed top coat, after 200 thermal cycles (in MPa) 
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The distribution of residual stresses in the TBC system after 200 thermal cycles for 
the case of a plasma-sprayed top coat is shown in Figure 115. Both the in-plane 
and out-of-plane stresses exhibit smaller values when compared with a ceramic 
layer prepared by EB-PVD. The maximum and mean in-plane stresses in the TGO 
are −4 GPa and −1.6 GPa, respectively, while the maximum tensile out-of-plane 
stresses are ~450 MPa at the BC/TGO interface and ~200 MPa at the TBC/TGO 
interface.  
The characteristic lamellar layer microstructure of TBCs fabricated by APS makes 
them much softer along the spray direction when compared with the columnar 
grain microstructure of EB-PVD coatings. Thus, stress relaxation through the 
displacement instability around the TGO region is facilitated. However, in reality 
EB-PVD systems show a much better lifetime behaviour when compared with APS 
coatings. The reason might be linked with the fact that above results were obtained 
assuming that the initial roughness of the TGO was the same for both techniques, 
which is not true, as the APS coatings need a rough TGO to improve adhesion of 
the sprayed top coat to the TGO. 
4.8.10. Land-Based Gas Turbines 
Large land-based gas turbine engines used for power generation operate at lower 
turbine inlet temperatures, when compared with jet engines.  
Table 14 indicates the typical data for an in-service TBC coated blade used in the 
first stage of a 1000 ºC-class gas turbine. 
Turbine inlet temperature 1000 ºC 
Operation time 30,000 h (15,000 h after recoating) 
Number of start and shutdown cycles 300 
Table 14 - Operation data of a TBC blade used in a land-based gas turbine (333)  
TBCs applied on turbine blades for land applications experience a high-
temperature operation cycle considerably different from the ones used in 
aeronautic engines. For the power generation case, the high-temperature thermal 
cycle can be described as low temperature/long exposure in opposition to the high 
temperature/short exposure cycle of jet engines. 
The whole TBC system is exposed to a maximum temperature of 1000 ºC, with each 
one of the 150 cycles lasting 100 h at high temperature before blade recoating. 
Therefore, sintering of the ceramic top coat hardly proceeds owing to its 
comparatively low temperature. Moreover, the TGO parabolic growth constant 
decreases by 50% and the beta to gamma transformation in the bond coat layer, 
due to the diffusion of Al to the substrate, Ni from the substrate to the coating and 
Al from the bond coat surface to oxidation, is only completed after 1000 h exposure 
to 1000 ºC.  
The residual stress profiles for the TBC system after the low temperature (1000 ºC) 
long term thermal cyclic exposure (15,000 h) characteristic of land-based gas 
turbine engines are presented in Figure 116. 
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Figure 116 - In-plane (S11) and out-of-plane (S22) stress distribution at the TBC subjected 
to a low temperature/long exposure thermal cyclic loading (in MPa) 
Although the TGO growth rate is much slower when compared with the standard 
high temperature/short exposure cycle, the thickness of this layer at the end of life 
is considerably higher due to its long-time exposure at high temperature. Figure 
116 shows that the in-plane compressive stresses at the TGO layer have a 
maximum of −5.0 GPa, while the average stresses are −2.1 GPa. Concerning the 
two out-of-plane interfacial tensile zones, in the peak region of the BC/TGO 
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interface they have a maximum of ~850 MPa, whereas in the valley region of the 
TBC/TGO interface they are ~400 MPa. 
4.8.11. Thick TBC 
Two different kinds of TBC systems exist as a function of their total thickness: thin 
and thick TBCs. This TBC systems show a total thickness between 100 and 300 
µm, while thick TBC systems have thicknesses greater than 600 µm up to 2 mm. 
Thicker TBCs provide a greater temperature drop across the coating and are 
mainly used to protect static components. 
 
Figure 117 - In-plane (S11) and out-of-plane (S22) stress distribution of a thick TBC, after 
1000 thermal cycles with a dwell time of 10 h (in MPa) 
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The simulation performed in Figure 117 assumed a 1 mm thick TBC and a 
temperature drop of 500 ºC. Because these coatings are applied for long term high 
temperature exposure, 1000 thermal cycles with a dwell time of 10 h for each cycle 
were simulated. Moreover, as the temperature at the TGO is less than 900 ºC, no 
TGO growth kinetics was implemented in the model. As a consequence, the in-
plane compressive stresses at the TGO layer have a maximum of −1.7 GPa, while 
the average stresses are −1.0 GPa. Concerning the out-of-plane interfacial tensile 
zones, in the peak region of the BC/TGO interface they have a maximum of ~250 
MPa, whereas in the valley region of the TBC/TGO interface the stresses are 
compressive. These results demonstrate that the nucleation of cracks does not 
follow a maximum stress criterion, but a stored elastic strain energy in the coating 
due to its increased thickness. Therefore, thick TBCs have a worst thermal shock 
resistance than thin TBCs. 
 
Figure 118 - In-plane (S11) and out-of-plane (S22) stress distribution of a TBC subjected to 
a thermal gradient mechanical fatigue test 
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4.8.12. Thermal Gradient Mechanical Fatigue Test 
During service operation, the thermal barrier coatings are not just subjected to a 
thermal gradient across its structure, but also to mechanical fatigue caused by the 
aerodynamic loading applied to the turbine blade. Consequently, thermal gradient 
mechanical fatigue tests (TMF) are more realistic than typical thermal gradient 
fatigue tests. In the procedure shown in Figure 118, a maximum temperature of 
1150 ºC and a temperature gradient of 150 ºC was maintained across the coating. A 
maximum 100 MPa stress was applied along the horizontal direction during the 
hot stage. As the temperature near the TGO was maintained at 1000 ºC, the TGO 
experiences a slower growth rate.  
The huge increase in the stress level of the TBC during the TMF test, where the in-
plane compressive stresses at the TGO layer have a maximum of −11.7 GPa, while 
the average stresses are −8.6 GPa. Concerning the out-of-plane interfacial tensile 
zones, they show a maximum value of ~900 MPa in the valley region of the 
TBC/TGO interface. The numerical predictions provide a clear evidence for the 
importance of considering the combined effect of externally applied thermal and 
mechanical loads in the study of TBC life. 
4.8.13. Real Interface 
The interfacial TGO region plays a crucial role in the spallation patterns observed 
in in-service loading on turbine blades. The real interfaces are sometimes very 
different from the idealised sinusoidal interfaces commonly adopted in 
computational modelling methodologies. Therefore, the generation of a finite 
element grid mesh based on the true microstructure of TBCs with the aid of digital 
image processing will be subject to future studies. In the present research, a simple 
improvement to the TGO wavy interface was implemented to simulate the role of 
small imperfections along the interfacial region – see Figure 119. 
 
Figure 119 - Real interface with the red area representing the TGO region 
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Figure 120 - In-plane (S11) and out-of-plane (S22) stress distribution at the TBC with a real 
interface, after 200 thermal cycles (in MPa) 
The results shown in Figure 120 demonstrate that, as predicted, small 
imperfections give rise to stress concentration zones around them, which can lead 
to the nucleation of micro-cracks. 
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4.9.  Conclusions 
Thermal barrier coatings on metal substrates display a nonlinear thermo-
mechanical behaviour, which has resulted in numerous problems with regard to 
accurately characterizing and modelling these materials. Therefore, before a 
ceramic coating can be included into the design and analysis phase of a new 
turbine engine, its high-temperature behaviour should be fully understood. 
Without a reasonable constitutive model for the coated material, it is difficult to 
accurately design a component that includes a thermal barrier coating.  
Analytical solutions derived for calculating the thermo-mechanical response of TBC 
systems subjected to thermal cycling are adequate for providing a quick estimate of 
the initial stress state in the TGO area, but they cannot be used to guide the 
microstructural design of TBCs with optimized performance and prolonged 
exposure to high temperature.  
This is due the fact that analytical models cannot explore the fundamental 
microstructural deformation mechanisms that are responsible to the 
experimentally observed TBC failure modes. Thus, FE simulations are vital to fully 
explore the effect a particular parameter in the TBC response to thermal cycling 
loadings. Nevertheless, it is noteworthy that with regard to computational 
efficiency, finite element models are significantly more computationally expensive 
as compared to the analytical approach. 
A micromechanics-based finite element model was developed to investigate the 
fracture-resistant properties of TBCs. A new sensitivity composite index parameter 
was proposed to assess the thermal cycling fracture resistance. This computational 
methodology was further extended to investigate several TBC configurations, 
demonstrating the versatility and usefulness of the current numerical 
implementation. 
4.10.  Future Work 
To confirm the effectiveness of the developed model for design of high fracture 
resistant TBCs, it will be necessary to conduct systematic experiments that will 
examine the simulation results and validate the model. 
On the other hand, a more refined model is needed to describe the complex, multi-
layered structure of TBC systems. Therefore, in future iterations of the model 
several modifications will be introduced: 
 Simulation of crack initiation and in order to calculate the evolution of the 
crack length in the TBC as a function of cycle number. End of life is defined 
as the number of cycles until through-cracking of the simulated area occurs. 
However, the unit cell only represents the average wavelength of the BC 
surface roughness. In reality, TBC systems have a stochastic 3D shaped 
roughness, so full delamination will only occur after crack coalescence and 
further propagation. Prediction of further crack growth could use the laws of 
linear elastic fracture mechanics, where the energy release rate which 
determines the driving force for crack propagation has two major sources: 
thermal mismatch during the cooling phase of each thermal cycle and the 
contribution of TGO growth. The end of crack propagation and therewith 
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the lifetime of the TBC would be defined as the number of cycles at which a 
critical crack length is reached; 
 Investigate the residual stresses arising during the coating process and 
their effects on the final stress state of the TBC system during service. This 
step was simplified in the present model by just considering the stresses 
generated from cooling from deposition temperature to ambient 
temperature. In the actual deposition conditions, the top coat layer is hotter 
than the underlying materials (substrate + BC + TGO). It means that the 
model has to calculate the thermal transfer between the different layers by 
conduction and with the surrounding environment by convection and 
radiation. There is also a contraction of the TBC material when it 
transforms to solid phase and a compressive stress should be imposed to the 
substrate in order to simulate the effect of grit blasting. The coatings 
deposition process is therefore a complex physical and chemical 
phenomenon that requires a large special study; 
 Use a stepped thermal cycle profile with an intermediate temperature 
dwell, intended to replicate more realistically the take-off and cruise 
portions of an aeroengine cycle (Figure 121); 
 
 
Figure 121 - Stepped thermal cycling profile, intended to simulate an aeroengine 
cycle 
 Incorporation of unidirectional heat-flow analysis in the thickness direction, 
so that the transient temperature fields and associated thermal stresses 
across the coating can be taken into account. The thermal analysis is based 
on the Fourier’s second law, which states that for a one-dimensional heat 
flow if there are no internal sources and sinks, the thermal conductivity can 
be determined as (334): 
𝜌𝐶p
∂𝑇
∂𝑡
= ∂
∂𝑥
�𝜆
∂𝑇
∂𝑥
� 
Equation 53 
𝜆: thermal conductivity 
𝜌: density 
𝐶p: specific heat capacity 
𝑇: temperature 
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𝑡: time 
𝑥: position 
 Replace the homogeneous properties of the BC with the simulation of the 
actual two-phase microstructure. This must be coupled with thermodynamic 
and kinetic prediction of Al depletion by simulating interdiffusion and phase 
changes; 
 Investigate the effect of pores, voids and microcracks with different spatial 
and geometrical characteristics on the thermal insulation of the TBC. APS 
coatings exhibit lamellar pore structures, while coatings prepared by EB-
PVD exhibit a columnar grain structure with the pore channel between the 
columnar grains parallel to the thermal flux direction, so the effective 
thermal conductivity is often higher than that of TBCs fabricated by APS. 
Hence, it is important to offer useful guidance to coating system design, 
processing and application by controlling the pore volume fraction, spatial 
distribution, orientation and morphology in order to obtain an optimized 
TBC with reduced thermal conductivity. 
The thermal analysis will use a finite element representative volume 
element (RVE) with representative distributions of splats (the main 
building blocks of the APS microstructure) or columns (the main building 
blocks of the EB-PVD microstructure) and respective microstructural faults. 
The real ceramic coating microstructure will be obtained by converting a 
primitive SEM image of the ceramic coating into a [0,1] digital image – see 
Figure 122. The coating can be viewed as a composite material composed of 
pores and dense coating phases, so the digital image with 𝑚 × 𝑛 pixel is 
defined as a matrix 𝐹: 
𝐹 = � 𝑓(0,0) 𝑓(0,1) ⋯ 𝑓(0,𝑛 − 1)𝑓(1,0) 𝑓(1,1) ⋯ 𝑓(1,𝑛 − 1)
⋯ ⋯ ⋱ ⋯
𝑓(𝑚 − 1,0) 𝑓(𝑚 − 1,1) ⋯ 𝑓(𝑚 − 1,𝑛 − 1)� 
Equation 54 
𝑓(𝑖, 𝑗): pixel point defined as: 
𝑓(𝑖, 𝑗) = � 0 (pore phase)1 (dense coating phase)      0 ≤ 𝑖 ≤ 𝑚 − 1; 0 ≤ 𝑗 ≤ 𝑛 − 1 
Equation 55 
 
Figure 122 – Microstructural modelling using a representative volume element 
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It can be seen that every pore is composed of several pixel points. The pores 
volume fraction is determined by: 
𝜑 = 𝑁[𝑓(𝑖, 𝑗) = 0]
𝑚 × 𝑛  
Equation 56 
𝑁[𝑓(𝑖, 𝑗) = 0]: number of pixel points where 𝑓(𝑖, 𝑗) = 0 
The digital image file is then imported to a mesh generator program, so that 
the actual coating sample can be meshed. Essentially, a digital image is a 
collection of pixels, and a finite element model is a collection of finite 
elements. With one pixel corresponding to one finite element, the collection 
of pixels can be transferred to a collection of finite elements. 
The obtained mesh reflects the given distribution of material properties 
since each element can be assigned a particular property which is defined by 
the average gray level value of the pixel beneath it. In this way, selecting 
the thresholding value that separates the different materials will enable the 
generation of the finite element grid model based on the realistic 
microstructure of TBCs. The obtained mesh is then imported into a 
commercially available finite element software package, which will calculate 
the solution for the thermal analysis.  
 Explicitly simulate decohesion, sliding, and internal friction between splats 
(APS) or columns (EB-PVD) along the pre-existing and evolving 
microstructural micro-cracks using cohesive interface modelling to account 
for the coating’s microstructure and interfacial behaviour between splats. 
This technique has been widely used to numerically simulate fracture 
initiation and growth by the finite element method (335). It is based on the 
average representation of particle debonding at the atomistic level as a 
function of the atomic separation distance 𝜆 between two rows of atoms (two 
fractured surfaces at the continuum level), therefore, bridging the gap 
between interatomic bonding (Figure 123) and continuum damage 
mechanics (Figure 124).  
Typically, a cohesive interface is introduced in a finite element 
discretization of the problem through the use of special interface elements 
which obey a nonlinear interface traction-separation 𝑡N-𝛿N relation (Figure 
125) that provides a phenomenological description for the complex 
microscopic processes that lead to the formation of new traction-free crack 
faces. Damage starts when the separation 𝛿N exceeds the critical value 𝛿N0, 
so this can be considered the interfacial damage initiation criterion. 𝛿N0 and 
𝛿N
f  are the critical separations at which damage initiates and debonding 
occurs, respectively. Both variables are material parameters that have the 
dimensions of length and, therefore, they can be considered intrinsic 
material length scale parameters. 
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Figure 123 - Atomistic representation of cohesive zone modeling showing the shape 
of atomic potential energy 𝜣 and the corresponding interaction-separation curve 
 
Figure 124 - (a) Schematic representation of an interface between two splats. (b) 
Decomposition of the opening displacement 𝜹 into normal component 𝜹𝐍 and 
tangential components 𝜹𝐓. 
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Figure 125 - Schematic of the nonlinear traction-separation response 
The loss of cohesion, and thus of crack nucleation and extension, occurs by 
the progressive decay of interface tractions. The interface traction-
separation relation usually includes a cohesive strength and a cohesive 
work-to-fracture (i.e. interfacial fracture energy of the material). Once the 
local strength and work-to-fracture criteria across an interface are met, 
decohesion occurs naturally across the interface, and traction-free cracks 
form and propagate along element boundaries. 
 Direct simulation of the whole turbine blade (Figure 126) that includes 
three-dimensional effects and the representation of the local microstructure. 
The evolution of the thermal/residual stresses in the coating located at the 
concave positions of the curved substrate can be significantly different from 
that in the convex positions, and they would profoundly affect the energy 
release rates of the interface delamination and crack propagation path 
during spallation (336). Thus, it is necessary to study the effects of coating 
located in different concave and convex positions of the curved substrate on 
the distribution of residual stress in TBCs. 
 
 
Figure 126 - FEA grid for the turbine blade 
The simulation of the turbine blade with realistic microstructure will 
require the construction of the actual three-dimensional model of the TBC. 
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One possible methodology for the creation of 3D-FE models consists in 
acquiring the SEM images of the microstructure at several parallel cuts and 
then superimposing them on the FE mesh, as shown in Figure 127. The 3D 
model will therefore capture a structure that is very similar to the original 
coating, but the high computation cost will require some optimization.  
 
 
Figure 127 - Schematic for the generation of a 3D-multiphase model 
 A last track would be to perform simulations across different time and 
length scales, in order to have a holistic assessment on how every aspect of 
the TBC system affects its stress state and as a consequence the lifetime of 
the coatings. 
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Chapter 5: Photoluminescence 
Piezo-Spectroscopy 
5.1.  Introduction 
During high temperature exposure, a thermally grown oxide (TGO), mostly 
alumina, is produced between the YSZ top coat and the metallic bond coat. When 
cooling to room temperature at the end of each thermal cycle, residual stresses are 
generated in the TBC mainly due to thermal expansion mismatch between the 
different layers of the system. Such stresses play an important role in controlling 
the failure behaviour of TBCs (337). Several studies have showed that the lifetime 
of TBCs depends on a series of crack initiation and propagation events which take 
place at either the TGO/BC interface or TGO/YSZ interface. The coating failure is 
therefore related to the accumulation of stored elastic energy and damage in or 
near the TGO layer during cyclic oxidation (338).  
The residual stress in the TGO as a measurable variable is an important 
parameter, not only because the stored energy in the TGO is a major contributor to 
the driving force for coating failure, but also the TGO stress can be relaxed by 
several interface processes such as bond coating creep and TGO rumpling (339). 
Thus, the determination of residual stresses in the TGO is useful to understand the 
failure mechanisms of TBCs. 
X-ray diffraction (XRD) and Raman spectroscopy have been employed to measure 
residual stresses in TBCs. The XRD technique is a well developed tool for 
estimation of residual stresses. It is based on the assessment of the lattice strain 
normal to the surface: 
𝜀hkl
𝜙𝜓 = 𝑑hkl𝜙𝜓 − 𝑑hkl0
𝑑hkl
0  
Equation 57 
𝜀hkl
𝜙𝜓: lattice strain of a given (ℎ𝑘𝑙) diffraction peak 
𝑑hkl
𝜙𝜓: lattice spacing of a given (ℎ𝑘𝑙) diffraction peak 
𝑑hkl
0: stress-free spacing of a given (ℎ𝑘𝑙) diffraction peak 
where the lattice spacing is measured in a direction defined by the polar angle 𝜙 
and tilting angle 𝜓 
For strongly textured materials, like the columnar microstructure of EB-PVD top 
coats, the determination of residual stresses using XRD is rather complicated due 
to the anisotropy (orientation dependence) of the X-ray elastic constants. However, 
for (ℎ00) and (ℎℎℎ) reflections of cubic materials the X-ray elastic constants of 
textured materials do not depend on 𝜙𝜓. In this case the relationship between 
𝜀hkl
𝜙𝜓 and the residual stresses is reduced to the solution for isotropic (non-
textured) materials (340), assuming zero diffractometer alignment errors: 
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𝜀hkl
𝜙𝜓 = 𝑠1 �𝜎11 + 𝜎22 + 𝜎33 �1 + 𝑠22𝑠1�� + 𝑠2𝜏𝜙sin(2𝜓)2 + 𝑠2�𝜎𝜙 − 𝜎33�sin2(𝜓)2  
Equation 58 
𝑠1 = − 𝜈𝐸hkl and 𝑠2 = 2(1+𝜈)𝐸hkl : X-ray compliances for the selected (ℎ𝑘𝑙) reflection 
𝜎𝜙 = 𝜎11cos2(𝜙) + 𝜎12sin(2𝜙) + 𝜎22sin2(𝜙): normal stress along the 𝜙 direction 
𝜏𝜙 = 𝜎13cos(𝜙) + 𝜎23sin(𝜙): shear stress along the 𝜙 direction 
𝜈: Poisson’s ratio 
If the shear stresses 𝜎13 and/or 𝜎23 are non-zero, a plot of 𝑑hkl𝜙𝜓 versus sin2(𝜓) 
splits into 2 branches with elliptical curvature. Thus, the presence of sin2(𝜓)-
splitting indicates non-zero shear stresses. The equation can be further simplified 
assuming a bi-axial in-plane stress state with 𝜎33 = 𝜎13 = 𝜎23 = 0: 
𝜀hkl
𝜙𝜓 = 𝑠1[𝜎11 + 𝜎22] + 𝑠2𝜎𝜙sin2(𝜓)2  
Equation 59 
Therefore, there is a linear relationship between 𝜀hkl𝜙𝜓 and sin2(𝜓). Generally, the 
residual stresses calculated from lattice strains represent values averaged over the 
X-ray beam spot area and over the penetration depth of the X-rays 
(typically ~10 μm for Cu Kα radiation).  
The main factor affecting the statistical error in determining the residual stresses 
is the strong texture of some microstructures. For some directions 𝜙𝜓, the (ℎ𝑘𝑙) 
peak is almost completely absent, while for other 𝜙𝜓 directions the (ℎ𝑘𝑙) peak is 
rather weak and broad. As a result the accuracy in the determination of 𝑑hkl𝜙𝜓 
decreases and the standard deviations in residual stress increase (341). 
Using XRD it is difficult to measure local residual stresses and that is precisely the 
advantage of using micro-Raman spectroscopy for the determination of residual 
stresses, because it can provide information for the local residual stresses on the 
scale of few μm, which is less than the typical probing size of XRD. 
Determination of the residual stresses by Raman spectroscopy is based on peak 
shifts of specific Raman bands due to stresses and conversion of these shifts into 
stress values by the use of tensor coefficients known as phonon deformation 
potentials or piezo-spectroscopic coefficients. In polycrystalline materials the 
average stress tensor 𝜎� is related to the shift Δ𝜈 of a given Raman line by (342): 
𝜎� = 𝑏Δ𝜈 
Equation 60 
Δ𝜈 = 𝜈 − 𝜈0  
𝜈0: position of the selected Raman line for a stress-free sample 
𝑏: piezo-spectroscopic coefficient 
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In other words, a linear relationship between the applied average stress and the 
peak shift Δ𝜈 is expected. The constant 𝑏 can be, in principle, calculated from the 
elastic constants and the phonon deformation potentials of the material. In 
practice, the application of Raman spectroscopy for the determination of residual 
stresses in a series of similar samples requires calibration of 𝑏 by measuring Δ𝜈 for 
samples subjected to a series of reference stresses (343). The piezo-spectroscopic 
coefficient 𝑏 directly depends on the microstructure (porosity) of the sample, so for 
materials where there is a significant change of their microstructure during 
service, empirical equations that relate the Young’s modulus with the coefficient 𝑏 
have to be used (344).  
A comparison of the residual stresses calculated by XRD and Raman spectroscopy 
can only be done in terms of trends and not absolute values, because Raman 
spectroscopy and XRD probe different components of the stress tensor. The XRD 
method gives the normal stresses, while the Raman method yields an average 
stress tensor. However, the biggest limitation of both XRD and Raman techniques 
originates from the fact that they are only able to measure the stresses from the 
surface and near surface (345). 
As a non-destructive evaluation tool, photoluminescence piezo-spectroscopy (PLPS) 
has been explored to measure residual stresses in the alumina of the TGO. 
Chromium, Cr3+, is a persistent impurity in alumina, which replaces aluminium 
ions substitutionally in the alumina lattice and maintains their trivalent state. 
Although the chromium ion is surrounded by an octahedron of oxygen ions, the 
octahedron is distorted along the body diagonal. The distortion causes an 
asymmetry of the electrostatic crystal field and results in a splitting of the 2E 
energy levels by 0.004 eV, in turn, giving rise to the two distinct radiative 
transition lines R1 and R2 at 1.790 and 1.794 eV, respectively. These two 
transitions give two peaks at different wavelengths in the luminescence spectra, 
generated by a laser beam. The R1 and R2 peak position change is related to the 
stress level in the alumina, so, stresses in the TGO can be measured non-
destructively using the PLPS technique (346). 
Changes in spectral features, such as peak splitting and severe peak overlap, have 
been observed in connection with TBC degradation. It has been recognised that 
these luminescence spectral features can be more reliable as a measure of damage 
and damage accumulation than peak shift alone (347). However, no systematic 
studies have been reported so far regarding spectral shape evolution with TBC 
system degradation. 
5.2.  Synchrotron Measurement of TGO Residual Stress 
TBC failure is closely related to the evolution of the stress levels at or near the 
TGO. In the present study synchrotron radiation has been used to study the 
evolution of growth strains in the Al2O3 scale as the TBC approaches the end of life. 
The weak diffracted signal from the oxide layer using conventional X-ray 
diffraction (XRD) means that only X-ray beams with at least 20 keV produced in a 
synchrotron facility are able to penetrate through the TBC coating to reach the 
TGO, and therefore sensitive enough for TGO strain analysis. 
The depth-resolved analysis of the residual stresses in the near surface zone of the 
TBCs was carried out at the materials science beamline EDDI (Energy Dispersive 
DIffraction) at the Berlin synchrotron storage ring BESSY II. The high resolution 
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ED synchrotron diffraction experiments were performed during a beamtime period 
of 10 days. 
 
Figure 128 - Schematic layout of the main beamline components 
This beamline uses the energy dispersive diffraction technique with high energy 
synchrotron radiation to determine the near surface residual stress fields. In 
energy dispersive diffraction, the lattice strain 𝜀𝑖𝑗 is evaluated from the diffraction 
line position of the unstrained lattice 𝐸0 and the line position 𝐸𝜑𝜓 of the strained 
lattice for various measuring directions 𝜑 and 𝜓 by (348): 
𝜀𝑖𝑗 = 𝐸𝜑𝜓𝐸0 − 1 
Equation 61 
𝜑: azimuth angle 
𝜓: inclination angle 
As the TGO is under elastic biaxial residual stress state within the penetration 
depth of the X-rays, the strain is easily converted into residual stress 𝜎𝑖𝑗 by means 
of the Hooke’s law, where the Young’s modulus of the TGO is 380 GPa. 
The high photon flux provided by the 7 T multipole wiggler combined with the very 
small equatorial (vertical) beam divergence enables the application of very narrow 
slit systems in the incoming and the diffracted beam. They define a small gauge 
volume having a height of some micrometers that can be used for high resolution 
depth profiling in the z-space. As the TGO has a thickness between 1 and 5 μm and 
is buried under 200 μm of ceramic top coat, it is pivotal to optimise the gauge 
section to the smallest possible volume and to precisely align the slit systems and 
the detector. The calibration procedure used a heavily-textured ultra-thin film of 
gold as test sample and took 4 days of beamtime due to the large number of 
parameters that had to be scrutinized. 
The 𝐸(ℎ𝑘𝑙) reflection used during the calibration of the gauge volume is plotted in 
Figure 129 and Figure 130 demonstrates the shape of the optimised gauge section, 
which is exceptionally uniform. 
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Figure 129 - ED diffraction spectrum of the gold test sample 
 
Figure 130 - 3D and 2D plots of a series of ED diffraction patterns recorded by depth 
scanning of the thin gold film 
The stability of the gauge volume in terms of peak position and intensity is further 
confirmed in Figure 131. The figure also shows that the gauge volume has a 
vertical section of 14 µm, which is very close to the thickness of the TGO. This is 
quite important, as it will allow distinguishing the oxide layer from the bond coat 
and ceramic top coat during depth scanning of the TBC samples. 
 
Figure 131 - Peak position and maximum intensity of the EC diffraction patterns as a 
function of depth scanning 
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The oxide layer is more than one order of magnitude thinner than the two adjacent 
layers, bond coat and ceramic top coat, which makes its detection quite 
challenging. The TGO grows with thermal cycling following a parabolic law, so it is 
easier to start analysing the sample close to failure, as this sample has the thickest 
oxide layer. 
Figure 132 plots a series of diffraction lines recorded by depth scanning the small 
gauge volume through the near surface of the TBC sample close to failure. The 
acquisition time for each scan was 1 hour, which meant that the whole high 
resolution depth profiling analysis took 3 days to complete. 
 
Figure 132 - 3D and 2D plots of a series of ED diffraction patterns recorded by depth 
scanning of the TBC sample close to failure 
The ceramic top coat and the bond coat show strong distinctive reflections, but even 
after an extremely long exposure time, the TGO exhibits very weak diffraction 
patterns. Figure 133 shows typical energy dispersive diffractograms for the three 
layers. The gauge volume has a section of 14 µm, which is bigger than the 
thickness of the TGO (5 µm). Therefore the TGO diffraction line includes peaks 
from the other two layers. 
Alumina has the strongest diffraction peak located at the 104 reflection, with an 
unstrained lattice energy 𝐸0 = 45.170 𝑘𝑒𝑉. However, as this peak overlaps with the 
reflection peak from the ceramic top coat, it is not appropriate for stress evaluation. 
The 113 reflection (𝐸0 = 55.152 𝑘𝑒𝑉) displays the second highest intensity. In this 
case, the diffraction line is quite close to the reflection peak from the bond coat, so 
the 113 reflection was not considered suitable for strain measurement. The third 
biggest diffraction line occurs in the 116 reflection. As the unstrained lattice energy 
is 𝐸0 = 71.926 𝑘𝑒𝑉, the ED diffractogram in Figure 133 proves this peak is not 
overlapped with neighbouring peaks. Therefore, the 116 reflection peak was chosen 
for strain depth profiling. 
The strained lattice energy measured in Figure 133 is 𝐸 = 72.619 𝑘𝑒𝑉. This means 
that the lattice strain of the TGO in the sample close to failure is 𝜀 = −0.00954, 
which corresponds to a residual stress of 𝜎 = −3.624 𝐺𝑃𝑎. 
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Figure 133 - ED diffractogram of the TGO (upper chart), ceramic top coat (left chart) and 
bond coat (right chart) for the TBC sample close to failure 
The procedure described above for high resolution strain depth profiling was also 
followed for the TBC sample at half-life. The energy dispersive diffractogram of the 
TGO is depicted in Figure 134. The TGO at half-life is considerably thinner than 
the one close to failure. Thus, it is not possible to distinguish the 113 reflection 
from the background and the diffraction peak belonging to the bond coat. The 116 
diffraction line is also quite close to another peak, but it is still clearly separated 
from its neighbours. 
The strained lattice energy measured in Figure 134 for the 116 reflection peak is 
𝐸 = 72.808 𝑘𝑒𝑉. This means that the lattice strain of the TGO in the sample at half-
life is 𝜀 = −0.0121, which corresponds to a residual stress of 𝜎 = −4.603 𝐺𝑃𝑎. 
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Figure 134 - ED diffractogram of the TGO for the TBC sample at half-life 
Strain measurements in the Al2O3 scale at room temperature was also performed 
at beamline 12BM, Advanced Photon Source at ANL using a 21.6 keV X-ray beam 
(λ = 0.573 Å). A schematic drawing of the experimental setup is shown in Figure 
135.  
 
Figure 135 - A schematic drawing showing the setup for the strain measurements, where 
the specimen rests on an alumina shelf and the D-S diffraction rings are obtained on a 
mar345 image late (IP) detector 
The X-ray beam (0.2 mm (FWHM) × 1 mm) impinges on the TBC sample at a 3-5º 
incidence angle and Debye–Scherrer (D-S) diffraction rings from the sample are 
recorded using a mar345 image plate detector.  
In a biaxially stressed sample, the D-S rings are elliptically distorted in response to 
the presence of in-plane stresses in the oxide. This ellipticity of the selected D-S 
ring can be analyzed to determine the in-plane strain in the oxide layer, using the 
relation (349): 
𝜀 = 𝑑𝜑𝜓
𝑑0
− 1 
Equation 62 
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𝑑0: unstressed lattice spacing 
𝑑𝜑𝜓: lattice spacing of the (ℎ𝑘𝑙) planes 
In principle, determination of the ellipticity of any Al2O3 diffraction rings in the D-
S patterns could be used for strain analysis of the Al2O3 scale. However for this 
alloy, only the (022�4) reflection of α-Al2O3 was suitable, due to interference of 
diffraction rings from the bond coat with other reflections of α-Al2O3. 
The D-S diffraction patterns were acquired from the the same specimens used at 
BESSY II and they show the elliptically-distorted diffraction rings from the α-Al2O3 
component of the TGO and from the underlying bond coat alloy (Figure 136). 
 
Figure 136 - D-S diffraction patterns from the TBC specimen at half life and close to the 
end of life 
These results confirm the synchrotron measurements performed at BESSY II and 
both show that when close to failure, the TGO reveals a much lower compressive 
stress of −3.6 GPa. Therefore, it seems that there is a link between relaxation of 
compressive stress in the TGO and damage within the TBC system. 
5.3.  Experimental PLPS Measurements 
The samples used in the current research were prepared using the same procedure 
as detailed in Chapter 3. The thermal profile adopted for cyclic oxidation testing 
was also identical, i.e. 1 h at a furnace temperature of 1150 ºC, after which the 
specimens were removed automatically from the furnace and fan-cooled by 
laboratory air for 10 min. Specimens were removed from the rig after 100, 150 and 
200 cycles for the luminescence measurements. 
Cr3+ luminescence spectra were acquired at room temperature using a Renishaw 
Raman optical microprobe (model 2000) fitted with a motorised mapping stage. The 
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laser source was a green Ar+ laser with a wavelength of 514.5 nm and 15 mW in 
power. An air conditioning unit was used to maintain a stable room temperature at 
22 ± 0.3 ºC. Before and after each experiment, the spectrometer was calibrated by 
taking a spectrum from a strain-free single crystal sapphire sample. Before the 
luminescence measurement, the top surface of the sample was cleaned thoroughly 
using high pressure air and then using an ultrasonic acetone bath for 5 min. 
Optical microscopy was then used to confirm that there were no particles left on 
the top surface of the samples which could interfere with the luminescence 
measurements. 
The incident laser was focused onto the specimen surface using a ×5 optical lens, 
which is capable of delivering a spot size of 5 μm in diameter. A sample stage was 
used for focusing and moving the sample in the horizontal direction. Measurements 
were taken on a square grid of 200 × 200 μm with a pitch of 20 μm. Thus each 
spectrum datum point is obtained by averaging over 121 measurement points. Care 
was taken to place the grid in an area where no pores, cracks or defects in the 
sample surface were visible under the optical microscope of the spectrometer. For 
all PLPS measurements, 1% of incident laser power was used, with a collection 
time of 1 s and 60 accumulations. 
As the laser beam penetrates through the top coat, it will be scattered and 
deflected by defects present in this layer, such as grain boundaries and porosity. 
Hence, the incident laser spot size at the TGO would become enlarged and perhaps 
also deformed. However, the fluorescence excited by the scattered and deflected 
light would be mostly blocked by the aperture in the confocal system of the 
microscope, because these rays are either out of focus or off axis. Therefore, it is 
reasonable to assume that the probing size in the TGO is relatively similar to the 
laser spot size at the surface of the top coat in a confocal system. 
After correction for instrumental spikes and background subtraction, the PLPS 
spectrum can be fitted to two unconstrained peaks with mixed Gaussian-
Lorentzian peak profiles (350): 
𝐼 = 𝑚1
⎣
⎢
⎢
⎡
𝑔1exp�−2.7726(𝜈 − 𝑝1)2𝑤12 � + (1 − 𝑔1)1 + 4(𝜈 − 𝑝1)2
𝑤1
2 ⎦
⎥
⎥
⎤
+ 𝑚2
⎣
⎢
⎢
⎡
𝑔2exp�−2.7726(𝜈 − 𝑝2)2𝑤22 � + (1 − 𝑔2)1 + 4(𝜈 − 𝑝2)2
𝑤2
2 ⎦
⎥
⎥
⎤
 
Equation 63 
𝐼: luminescence intensity 
𝑚: peak height 
𝑔: Gaussian fraction 
𝑝: peak position 
𝑤: peak width 
𝜈: wavenumber 
subscripts 1 and 2: R1 and R2 lines respectively 
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The spectral parameters 𝑚, 𝑔, 𝑝 and 𝑤 corresponding to the R1 and R2 peaks are 
determined by running a curve-fitting program written in Matlab that was 
developed at Imperial College London. The goodness-of-fit factors were between 0.1 
and 0.5%. 
The luminescence spectrum contains a mixture of multiple stress levels due to the 
fact that within the probed volume there is a variation of the stress levels. In most 
cases this variation is relatively small, so no intermixing of the R1 and R2 peaks 
should be expected. Consequently, all R1 peaks from different stress levels should 
contribute to the low frequency peak and all the R2 peaks contribute to the high 
frequency peak of the spectrum. This means that the high frequency peak of the 
spectrum can be regarded as the mixture of R2 peaks and low frequency of the 
spectrum is a mixture of R1 peaks of different stress levels. 
A strain-free sapphire sample is usually used to obtain the R1 and R2 peak 
positions for zero stress, which are measured respectively at 14,402 cm-1 and 
14,432 cm-1 (32). Accordingly, the shift of the R1 and R2 peaks from the zero stress 
sample is determined. Then, the average residual stress in the TGO probed volume 
can be calculated using a similar equation to Raman spectroscopy (351): 
Δ𝜈 = 𝛱𝜎� 
Equation 64 
Δ𝜈: PLPS peak shift from the zero stress position 
𝛱: piezo-spectroscopic tensor 
𝜎�: average residual stress in alumina 
Transition phases of alumina (e.g. θ-Al2O3) produce luminescence lines at 14,260 
cm-1, 14,330 cm-1, 14,546 cm-1 and 14,626 cm-1 (350). They are sufficiently 
distinguishable from the R1 and R2 lines of α-Al2O3 and therefore the eventual 
presence of these transition phases in the TGO does not influence the R1 and R2 
peak analysis. 
Finally, it should be noted that the Cr content of alumina is extremely low, with 
the order of 10-6 wt.%. Nevertheless, this minute quantity is easily detected by the 
R line fluorescence. The relationship between Cr content and fluorescence peak 
shift is given by (346): 
Δ𝜈 = 99𝐶m 
Equation 65 
𝐶m: Cr content (wt.%) 
It can be seen that the influence of Cr content on the peak shift can be neglected, so 
in this investigation the Cr content of alumina in the TGO is not specified. 
When the laser beam is illuminated at the top surface of TBCs, luminescence 
signals are generated by the alumina of the TGO beneath the YSZ top coat, where 
the TGO was formed from oxidation of the bond coat in the TBC at high 
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temperature. Representative luminescence spectra at various stages of the TBC life 
are given in Figure 137.  
 
Figure 137 - Representative luminescence spectra for the TBC system at various stages of 
thermal cycling 
As previously mentioned the R1 and R2 peak positions for zero stress are 
respectively at 14,402 cm-1 and 14,432 cm-1. It can be seen from Figure 137, that in 
all cases, both peaks shift towards a lower wavenumber range (negative peak 
shift), indicating a compressive stress in the TGO. Dramatic spectral changes are 
evident close to the end of life, with the peaks shifting much less and some peak 
splitting. At the other stages of the thermal cycling process the spectral changes 
are more subtle, but it still can be seen that the peaks become more broadened and 
overlapped as the TBC approaches the end of life.  
The peak shift obtained by the curve fitting is plotted as a function of thermal 
cycles in Figure 138. For convenience of presentation, the negative sign of the peak 
shift is neglected here and all the peak shift data are thus expressed as being 
positive when corresponding to the usual compressive TGO stress. 
From Figure 138, the R1 and R2 peak shift evolution for the TBC system show a 
similar shift of ~30 cm-1 until the 150th cycle and then a sudden drop at the 200th 
cycle. To identify other changes in spectral features, the R1 and R2 peak widths 
were examined in detail as a function of thermal cycles. Figure 139 gives the R1 
peak width evolution for the TBC system. The peak width is almost constant 
during most of the thermal cycling lifetime of the TBC system and then increases 
sharply towards the end of life.  
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Figure 138 - R1 and R2 peak shift evolution as a function of thermal cycles for the TBC 
system 
 
Figure 139 - R1 peak width evolution for the TBC system 
5.4.  Analytical Analysis 
The residual stress in the TGO is directly proportional to the frequency shift of the 
R1 and R2 peaks. Assuming an equi-biaxial stress state, the TGO residual stress is 
obtained by the linear relationship (351): 
𝜎 = 32 ∙ 17.61Δ𝜈 
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Equation 66 
𝜎: residual stress in the TGO 
Δ𝜈: peak shift 
From the results obtained by the finite element model detailed in the previous 
chapter, the residual stress in the TGO at room temperature is expected to be 2.5-
5.5 GPa. Therefore, the corresponding peak shift should be about 10-30 cm-1. 
According to Figure 138, the peak shift for the TBC system appears to be consistent 
with the theoretical prediction for most of its lifetime. Near the end of life, the peak 
shifts become smaller, which means that low stress zones start to appear due to 
local damaged regions in the TGO and/or interfacial separation. 
If a single stress level dominates in the probed volume of TGO, the luminescence 
spectra only show two readily distinguishable peaks corresponding to the R1 and R2 
lines. These spectra can be fitted with an almost pure Gaussian function. However, 
if multiple stress levels are probed, the spectral parameters deviate from the 
Gaussian lineshape due to broadening and a combination of Gaussian and 
Lorentzian functions is necessary to describe the luminescence spectra.  
In order to illustrate how the spectral shape is affected by the different stress 
levels in the probed volume, a simulated spectrum was produced by mixing signals 
from two different stress levels. This simulation assumes a high stress shift of 20 
cm-1 and a low stress shift of 0 cm-1 in the probed volume. The individual spectra 
are assumed to follow a mixed Gaussian-Lorentzian function, with the Gaussian 
fraction 𝑔1 = 𝑔2 = 0.9, and the spectral parameters taken from (352). The 
individual spectra are represented by the fine lines and the mixed spectrum is 
represented by the thick line in Figure 140. The relative intensity of the two 
different stress levels is expressed by the high stress fraction: 
𝐼H
𝐼H + 𝐼L 
Equation 67 
𝐼H: luminescence intensity of the high stress 
𝐼L: luminescence intensity of the low stress 
When the high stress fraction is 0%, the signal is purely of low stress and when the 
high stress fraction is 100%, the signal is purely of high stress. As shown in Figure 
140, the spectral shape is highly dependent on the relative intensity of the two 
stress levels. 
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Figure 140 - Simulated spectral shape changes as a result of mixing two spectra 
corresponding to two different stress levels when the high stress fraction is 0, 0.5, and 1. 
The high stress component is assumed to have a peak shift of 20 cm-1 and the low stress 
component 0 cm-1 
To identify significant changes in spectral features, the total peak width (TPW) and 
total peak shift (TPS) were examined in detail as a function of thermal cycles. 
𝑇𝑃𝑊 = 𝑤1 + 𝑤2 
𝑇𝑃𝑆 = Δ𝜈1 + Δ𝜈2 
Equation 68 
where the subscripts 1 and 2 correspond to the R1 and R2 peaks. 
Corresponding to Figure 140, Figure 141 gives the changes of the TPW and TPS as 
a function of the high stress fraction. Figure 141 demonstrates that the mixed 
stress levels generate significant changes in the parameters TPW and TPS. For 
example, TPW is quite sensitive to the purity of the luminescence signal, as if the 
signal is not pure, i.e. when a mixture of signals from different stress levels is 
probed, the width of both R1 and R2 peaks increases substantially. On the other 
hand, TPS increases monotonically with the increase in high stress fraction. That 
is predictable, because as the stress grows, the signal further deviates from the 
zero stress state.  
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Figure 141 - Dependence of the spectral shape parameters on the relative intensity of the 
two stress contributions: a) total peak width; b) total peak shift 
5.5.  Experimental Analysis 
Since both YSZ and TGO are fairly transparent (despite scattering), it is 
reasonable to assume the laser beam can reach the TGO/BC interface and therefore 
each luminescence measurement is capable of probing the entire thickness of the 
TGO. 
As the mean TGO stress in the TBC system does not change significantly with 
thermal cycling, in a first approximation, only a single high stress level should be 
present in the TGO and therefore the TPW and TPS parameters should remain 
relatively stable until the 150th cycle, which is confirmed in Figure 138 and Figure 
139. 
However, TPW experiences a significant increase and TPS becomes smaller at the 
200th cycle. Both changes can be related to a non-uniform stress level in the TGO 
layer. The larger TPW means that the luminescence signal comes from a 
combination of high and low stress levels, while the abrupt decrease in TPS 
indicates a dominant low stress signal with a small fraction of high stress. This 
behaviour is consistent with the formation of local crack-like defects along the TGO 
interfaces. 
5.6.  Luminescence Spectral Parameters 
To substantiate the results from the analytical and experimental analysis, it is 
necessary to examine the spectral shape changes in response to certain known 
interface cracks. For this purpose, interface cracks were introduced into the finite 
element model of the TBC system and then the luminescence signal was simulated 
using the spectral parameters obtained from the uniaxial compression of a single 
crystal 0.05-wt%-Cr3+ doped sapphire (ruby) sample at room temperature. 
The peak shift behaviour as a function of TGO residual stress is already known, 
but the change in the R1 and R2 peak widths and in the peak height ratio between 
R1 and R2 is still unknown. In order to establish the numerical values of these 
spectral parameters, a series of calibration experiments were performed under 
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different uniaxial compression loadings up to 1 GPa. Then, by keeping the sample 
in compression, shear stress was also applied to the samples, to study if the 
behaviour of the spectral parameters was affected by its presence. 
A specially built in-situ testing equipment was developed to perform the 
experiment under the Raman optical microprobe, as schematically shown in Figure 
142. The tests were conducted by fixturing the specimen into the test apparatus 
and then applying a compressive force using the main screw mechanism and/or a 
shear force using the side screw. 
 
Figure 142 – Schematic of the compression/shear testing system 
 
Figure 143 - Optical arrangement used in the compression/shear test 
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As the specimens are compressed, in situ luminescence measurements were made 
under the optical microscope, as depicted in Figure 143. Figure 144 summarizes 
the findings. It can be seen that both peak widths remain approximately constant 
as the samples were compressed, while the peak height ratio increases slightly. 
Moreover, the results indicate that shear stress has no significant impact on the 
spectral parameters. 
 
 
Figure 144 - Evolution of the R1 and R2 full width at half maximum (FWHM) and height 
ratio as a function of the applied compression/shear stress 
In addition to the stress purity, the crystalline orientation of the α-Al2O3 in the 
TGO may also influence the TPW and TPS parameters, as the general equation 
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used to calculate the internal stresses in the TGO is only valid in view of the TGO 
being an untextured polycrystalline (353). Therefore, in order to determine if there 
is any preferential crystalline orientation in the TGO and if this orientation 
changes significantly with thermal cycling, the Electron Backscatter Diffraction 
(EBSD) technique was applied at the cross-section of two TBC samples. Figure 145 
and Figure 146 show cross-sectional EBSD images of the TGO in the as-
manufactured and half-life condition. 
 
Figure 145 - Cross-sectional EBSD images of the as-manufactured TGO: quality map (top) 
and crystal orientation according to the colour scheme employed for the Euler angles 
(bottom) 
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Figure 146 - Cross-sectional EBSD images of the half-life TGO: quality map (top) and 
crystal orientation according to the colour scheme employed for the Euler angles (bottom) 
In the EBSD images, noise is generated by high energy areas, such as grain 
boundaries, dislocations, etc. The grey tone in a quality map is an indication of the 
usefulness to dataset acquired. The lighter the grey tone, the better the quality 
meaning the signal clearly stands out above the noise level in the EBSD pattern 
(354).  
The quality map of both samples allows an easy identification of the layers. On top 
is the TBC consisting of YSZ. Here the map shows the individual grains clearly 
separated by dark grain boundaries. Also the typical columnar structure of the EB-
PVD YSZ is revealed. The dark fuzzy band in between the TBC and TGO is a 
transition area consisting of small YSZ crystallites formed upon deposition of the 
TBC and the top layer of the TGO with several spinel type oxides formed at 
initiation of the oxide layer growth. The TGO itself consists of small columnar 
shaped crystals on top of the BC. The BC at the bottom shows the large grains of 
different sizes separated by dark bands at grain boundaries.  
The colour variations in the EBSD images indicate different crystal orientations. In 
both figures, each grain had an entirely different orientation, which indicates that 
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there is no preferred crystalline orientation of the α-Al2O3 for the examined TBC 
samples. This means that the spectral shape changes occurring during the lifetime 
of the TBC system should be mainly due to the stress purity changes. However, 
further EBSD analysis would be necessary to verify the assumption of α-Al2O3 
random crystalline orientation.  
5.7.  Computational Model 
An iterative crack propagation methodology was introduced in the finite element 
model presented in the previous chapter. Cracks were explicitly inserted along 
either the TGO/TBC interface or the BC/TGO interface when the coating 
approached the end of life. Figure 147 shows the simulation runs of two interfacial 
crack paths. 
 
Figure 147 - Effect of interfacial delamination on the in-plane stress field of the TBC 
system after 200 thermal cycles (in MPa) 
Then, as schematically shown in Figure 148, a Fortran subroutine was developed 
to convert the residual stress field output from the finite element model into 
luminescence spectra using the parameters summarized in Figure 144. The aim of 
this approach was to systematically study which luminescence spectral parameters 
best describe the general fitness of the TBC system. 
Figure 149 shows the simulated luminescence spectra for the case of a TBC system 
with no delamination damage after 200 thermal cycles at 1150 ºC. The R1 and R2 
peak shifts don’t have a homogeneous behaviour. If the virtual laser spot is centred 
in the TGO valley region, the peak shifts retain their value when compared to the 
early life scenario. However, if the virtual laser spot is put in the peak region, the 
peak shifts actually increase. But, in the case of the peak width parameter, it can 
be observed that in both cases the peaks become broader when close to the end of 
life, which means the peak widths increase when approaching the end of life, even 
if no apparent damage has occurred. This is especially important for the case of 
overlay bond coats, where failure occurs suddenly due to large scale delamination.   
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Figure 148 - Virtual laser spot introduced in the simulated TBC system to obtain the 
respective luminescence spectrum 
 
Figure 149 - Simulated luminescence spectra for a TBC system in the undamaged 
condition after 200 thermal cycles 
Different crack possibilities are now discussed, with the predicted luminescence 
spectra depicted in Figure 150 and Figure 151. For all scenarios, it can be seen that 
the peak widths are larger than for the case of luminescence spectra obtained 
during the early life of the coating (Figure 149). And when cracks have already 
nucleated, then the R1 and R2 peaks become more irregular and larger. 
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Figure 150 - Simulated luminescence spectra for a TBC system with an interfacial crack 
around the TGO peak region after 200 thermal cycles 
 
Figure 151 - Simulated luminescence spectra for a TBC system with an interfacial crack 
around the TGO valley region after 200 thermal cycles 
The luminescence signal from the BC/TGO crack does not show any stress 
relaxation in the peak region but shows significant increase in TPW (Figure 150). 
This is because when the interface crack is small, the TGO stress cannot always be 
relaxed since this requires out-of-plane displacement of the coating. Nevertheless, 
some parts of the TGO are allowed to relax, which changes the spectral shape. 
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These results clearly indicate that spectral shape is more sensitive to the presence 
of small damaged regions than is mean stress. Therefore the increase in TPW is 
consistent with the formation of small interface cracks in the TBC system. 
5.8.  Local Damage Factor 
According to continuum damage mechanics (355), internal state damage variables 
𝐷 degrade the strength and stiffness of the bulk and interfaces. Small values of 𝐷 
indicate negligible damage (or near complete cohesion) and high values indicate 
possible fracture (or almost complete decohesion). Such high values signify that the 
interface is close to failure and, therefore, it is just capable of transmitting 
compressive and tangential tractions due to contact friction. 
In the present research, a local damage factor 𝐷 is proposed to evaluate the 
condition of the TBC, based on monitoring the evolution of both the TPS and TPW 
parameters: 
𝐷 = 𝑇𝑃𝑊 𝑇𝑃𝑆�
�𝑇𝑃𝑊 𝑇𝑃𝑆� �𝑢𝑛𝑑𝑎𝑚𝑎𝑔𝑒𝑑
 
Equation 69 
Figure 152 demonstrates that, as the crack propagates during thermal cycling, the 
𝐷 parameter monotonically increases, indicating that the coating is approaching 
the end of its service life. 
 
Figure 152 - Evolution of the local damage index with the propagation of an interfacial 
crack 
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5.9.  Discussion 
Progressive propagation of interfacial defects leads to spalling of TBCs. TBC 
lifetime assessment would become much more reliable if the propagation of the 
local defects could be monitored. As it has been shown in this work, no unique 
parameter evolution can be correlated with the formation and propagation of the 
interface defects. 
Luminescence spectral shape combined with the mean residual stress in the TGO 
offer a more sensitive method to detect the formation of the interface defects, than 
through the observation of peak shift alone. This is because the spectral shape is 
sensitive to the local stress purity, which in turn is influenced by the defect 
formation, while stress relaxation in the TGO can be caused by local damage, but 
also other mechanisms like TGO rumpling.  
Interface defect formation inevitably is accompanied by damage and fractured 
pieces of the TGO, which leads to a fraction of TGO with very low residual stress. 
In such a case, part of the luminescence signal comes from the higher stress (the 
main body of the TGO still attached to the bond coat) and the other fraction of 
signal from the near-zero stress (the TGO near the interface damage and fractured 
TGO pieces).  
As the cracks propagate and coalesce, the width of the R1 and R2 peaks becomes 
smaller as the stress purity increases, but at the same time, stress relaxation 
becomes evident. Therefore, it seems possible to track interface crack formation 
and propagation in the TBCs by combining observations of peak shift evolution and 
spectral shape evolution. 
Although not covered by the present investigation, it should be noted that 
luminescence signal intensity has the potential to be used as a parameter to 
distinguish between YSZ/TGO interface cracks and TGO/BC cracks. On one hand, 
for the YSZ/TGO crack there is a strong reflection of the laser from the resulting 
YSZ/air interface, which reduces the luminescence intensity from the TGO 
underneath. On the other hand, crack formation at the TGO/BC interface gives 
high intensity luminescence signal due to the strong reflection from the resulting 
TGO/air interface.  
5.10.  Conclusions 
The TBC system subjected to thermal cycling was examined periodically by 
photoluminescence piezo-spectroscopy (PLPS). Spectral peak shift and spectral 
shape features were monitored as a function of thermal cycling and the finite 
element model was used to interpret the evolution of spectral shape in response to 
certain interface cracks.  
It has been demonstrated theoretically, numerically and experimentally that 
luminescence spectral shape is more sensitive than peak shift alone to detect defect 
formation when the defects are small. This opens a new avenue for trustworthy 
lifetime assessment of TBCs. 
Future developments are essentially targeted at field validating the proposed 
methodology by building a portable apparatus capable of performing luminescence 
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measurements at an aircraft gas turbine engine maintenance, repair and overhaul 
shop. 
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Chapter 6: Non-Destructive 
Evaluation 
6.1.  Introduction 
The reliability of thermal barrier coatings employed in the hottest sections of gas 
turbines for land-based power generation and aerospace applications has become 
increasingly more important as the use of these coatings have grown in recent 
years. TBCs provide greater durability and facilitate higher operating 
temperatures, which lead to increased fuel efficiency and reduced emissions.   
Because TBCs play a critical role in protecting the substrate components, their 
failure (spallation) may lead to unplanned outage or safety threatening conditions. 
Therefore, it is necessary to determine the initial condition of as-processed TBCs as 
well as to monitor the condition during service. This information is essential to 
maintaining the integrity of high-temperature coated components, because it 
allows the timely repair and refurbishment of coatings to extend the service-life of 
these components. Therefore, non-destructive evaluation methods to detect early 
damage and predict remaining TBC life are being actively pursued today (317). 
Efforts to evaluate the health of TBCs by non-destructive testing include pulsed 
thermography. This technique has been used successfully to monitor coatings for 
delaminations, and as an indicator for the quality of a coating deposition. One of 
the largest limitations of conventional thermography is that it relies on significant 
contrasts in the coating structure (severe degradation) to highlight an unhealthy 
region. Coupled with the fact that critical degradations like delaminations can 
occur over short periods of time when compared to the frequency of servicing 
engine parts, it means that this approach is only useful to diagnose failure after 
degradation occurs. If TBCs are to be monitored with the goal of preventing coating 
failure, before the component is compromised, a more quantitative approach is 
necessary (356).  
A better description of coating health can be made through quantitative thermal 
property measurements. Changing intrinsic thermal properties can serve as a 
reliable indicator of the aging process, as revealed through measurements of 
thermal conductivity, thermal diffusivity and heat capacity of a coating. Moreover, 
as the main role of ceramic thermal barrier coatings is to protect the hot path 
components of gas turbines from combustion gases, by reducing the temperature of 
metallic substrates, it is also worth studying the evolution of these thermo-physical 
properties with high temperature operation. The low thermal conductivity and 
high strain compliance of TBCs strongly depends on specific microstructural 
features related to the deposition process parameters and to the changes that 
happen under cyclic operation conditions (357). 
A thermal property measurement, as an assessment tool, has been difficult to 
implement in an industrial setting, because the techniques are frequently not 
suitable for coating measurements on actual engine components, due to challenges 
in the placement of the probes and/or the large scale of the parts (358). To confront 
the mentioned difficulties, this chapter presents the results of an exploratory 
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investigation into the possibility of estimating the remaining cyclic lifetime of 
thermal barrier coated components using a non-destructive one-sided 
thermographic methodology. In addition, the technique shows the potential to 
measure in the same experiment both the in-plane and in-depth thermal 
conductivity of the ceramic top layer. This measurement is non-destructive and 
easy to implement, with the potential of monitoring changes in the thermal 
properties of coatings over their lifetime and diagnose TBC failure.  
6.2.  One-Sided Thermal Imaging 
Pulsed thermal imaging is a non-contact and non-destructive technique based on 
monitoring the temperature change on a specimen surface after it is applied with a 
pulsed thermal energy that is gradually transferred inside the specimen. The 
premise is that the heat transfer from the surface is affected by internal material 
structures and properties, and the presence of flaws such as cracks. Depending on 
the arrangement of the pulsed heat source and the infrared camera that measures 
surface temperature, a thermal imaging system is two-sided if the heat source and 
infrared camera are placed on the opposite sides of the test specimen, or one-sided 
if both heat source and infrared camera are placed at the same side (see Figure 
153). A laser-flash system is a special case of the two-sided thermal imaging, in 
which a pulsed laser is used as the heat source and a single infrared detector is 
used to measure the average temperature of the unheated surface. By analyzing 
the measured surface temperature/time response, the thermal conductivity of the 
specimen can be determined (359). 
 
Figure 153 - Schematics of (left) two- and (right) one-sided pulsed thermal imaging for a 2-
layer TBC material system  
The TBC thermal conductivity is normally measured using the laser-flash method. 
While this method is well established for single-layer specimens (360), it is not 
standard for two-layer samples because the substrate thickness can significantly 
affect the measurement accuracy. As a result, most if not all of TBC samples for 
laser-flash measurement have to be specially prepared in a single coating layer, 
which may not represent the real condition of the TBC material systems. 
Because laser-flash cannot be used for TBCs applied on real components, a one-
sided thermal imaging method was developed at the Argonne National Laboratory 
for non-destructive measurement of TBC thermal properties and for potential 
inspection and monitoring of TBC conditions during service (361).  
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The thermal imaging methods are based on solutions derived from one-dimensional 
heat transfer process. The 1D governing equation for heat conduction in a solid 
material is (362): 
𝜌 ∙ 𝐶p
𝜕𝑇
𝜕𝑡
= 𝜕
𝜕𝑧
�𝜆
𝜕𝑇
𝜕𝑧
� 
Equation 70 
𝑇(𝑧, 𝑡): temperature 
𝜌: bulk density 
𝐶p: specific heat capacity 
𝜆: thermal conductivity 
𝑡: time 
𝑧: coordinate in the depth direction 
𝑧 = 0: surface that receives pulsed heating 
This equation contains two independent thermal parameters, the heat capacity 
𝜌 ∙ 𝐶p and the thermal conductivity 𝜆. These two thermal parameters are usually 
converted to another two parameters, the thermal effusivity 𝑒 and the thermal 
diffusivity 𝛼: 
𝑒 = �𝜆 ∙ 𝜌 ∙ 𝐶p;  𝛼 = 𝜆𝜌 ∙ 𝐶p 
Equation 71 
Under typical experimental conditions, i.e., in room temperature with moderate 
flash heating, the only parameter involved in the thermal imaging experiment is 
the flash duration, which only affects the early-time temperature response (363). 
Under non-ideal specimen conditions, i.e., the specimen is optically translucent so 
the flash heating affects a specimen volume, optical properties have to be 
considered. For laser-flash method, additional effects have to be considered, 
notably the heat loss due to conduction and radiation, and internal radiation for 
TBCs when the test is conducted at high temperatures (364). 
Under ideal conditions (i.e., instantaneous flash heating, no volume heat 
absorption and no heat loss), the analytical solution for the temperature at the 
front heated surface (𝑧 = 0) for a well-bonded two-layer material under pulsed 
thermal imaging condition can be expressed as (365): 
𝑇f(𝑡) = 𝑇∞ �1 + 2 𝑥1𝜔1 + 𝑥2𝜔2𝑥1 + 𝑥2 � 𝑥1cos(𝜔1𝛾K) + 𝑥2cos(𝜔2𝛾K)𝑥1𝜔1cos(𝜔1𝛾K) + 𝑥2𝜔2cos(𝜔2𝛾K) exp�−𝛾K2𝑡𝜂22 �∞K=1 � 
where subscripts 1 and 2 are for the TBC and substrate layers respectively, and 𝛾K 
is the 𝛫-th positive root of the following equation, 
𝑥1sin(𝜔1𝛾) + 𝑥2sin(𝜔2𝛾) = 0 
and 𝑥 and 𝜔 are defined as, 
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𝑥i = 𝑒12 − (−1)i, 𝑒i = �𝜆i𝜌i𝐶pi, 𝑖 = 1,2 
𝜔i = 𝜂12 − (−1)i,𝜂i = 𝐿i
�𝜆i
, 𝑖 = 1,2 
with  
𝑒12 = 𝑒1𝑒2 , 𝜂12 = 𝜂1𝜂2 
Equation 72 
𝑇∞: asymptotic surface temperature (𝑡 → ∞) 
𝐿: layer thickness 
Under the same ideal conditions, the temperature solution for the back surface 
(𝑧 = 𝐿1 + 𝐿2) can be expressed as (366): 
𝑇b(𝑡) = 𝑇∞ �1 + 2(𝑥1𝜔1 + 𝑥2𝜔2) � 1𝑥1𝜔1cos(𝜔1𝛾K) + 𝑥2𝜔2cos(𝜔2𝛾K) exp�−𝛾K2𝑡𝜂22 �∞K=1 � 
Equation 73 
These theoretical solutions clearly indicate that the temperature response on front 
or back surface is controlled by only two parameters (in each layer): the thermal 
effusivity 𝑒 and the parameter 𝜂 = 𝐿 √𝜆⁄ . This conclusion is significant for thermal 
imaging analysis of TBCs as it shows that, if the thickness 𝐿 of the TBC layers and 
the thermal properties of the substrate are known, the response of the surface 
temperatures can be used to determine independently the TBC thermal 
conductivity 𝜆 and heat capacity 𝜌 ∙ 𝐶p. 
In practice, the thermal imaging methods utilized to measure the TBC conductivity 
only analyze the temperature response of one surface – the back surface for two-
sided methods and the front surface for the one-sided method. The front-surface 
temperature response shows very distinct responses to the thermal effusivity 𝑒 and 
the parameter 𝜂 that allows for their individual determination, as these 
parameters can be uniquely calculated from different features in the temperature 
response curve. On the other hand, the back-surface temperature response to 
either parameter is weak, as there is no distinct characteristic associated with each 
parameter that could separate one parameter from the other. Therefore, it is 
concluded that the back-surface temperature measured by two-sided thermal 
imaging can only determine one TBC parameter, the thermal effusivity (or 
conductivity), based on known TBC thickness and heat capacity. The front-surface 
temperature response in one-sided thermal imaging can determine two TBC 
parameters, conductivity and heat capacity, which represents a significant 
advantage of this method to derive useful property values for a TBC system. 
The two-sided laser flash method can use three types of procedures to determine 
the thermal conductivity of TBC coatings from the thermal imaging measurements: 
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1. Analytical method: utilizes the analytical solution of the back-surface 
temperature to fit with measured data. By adjusting the thermal diffusivity 
or conductivity of the coating layer, the best match between the analytical 
and experimental data results in the correct coating conductivity (367); 
 
2. Numerical method: it is also based on the solution of the fundamental heat 
transfer equation to determine the coating conductivity by fitting it with 
measured data. The solution, however, is obtained by a numerical method. 
This procedure allows for easy incorporation of analytical models to account 
for various physical phenomena present during the experiments. For 
instance, radiation heat transfer through the coating layer generally 
increases and may become significant at high temperatures (>600 ºC) and it 
is observed as an abrupt jump of the back-surface temperature when the 
laser flash is applied. By incorporating a radiation model into the solution, 
the radiation and conduction contributions to the heat transfer are taken 
into account, hence improving the prediction accuracy (368); 
 
3. Response method: in this case, the area between the measured back-surface 
temperature curve and the asymptotic temperature line is calculated as 𝐴1. 
The coating conductivity 𝜆1 is then determined from the following 
expression (369):   
𝜆1 = 𝐿12𝜌1𝐶p1 �𝐿1𝜌1𝐶p1 + 3𝐿2𝜌2𝐶p2�6𝐴1 �𝐿1𝜌1𝐶p1 + 𝐿2𝜌2𝐶p2� − 𝐿22𝜌2𝐶p2 �3𝐿1𝜌1𝐶p1 + 𝐿2𝜌2𝐶p2�𝜆2  
              Equation 74 
This method is simple and accurate for well-behaved data (i.e., without heat 
loss). However, this method cannot be used when heat loss is significant, 
because the asymptotic temperature is never reached in such condition 
(370). 
The one-sided thermal imaging method developed at the Argonne National 
Laboratory analyses the front-surface temperature response to determine both 
thermal conductivity and heat capacity of the TBC coating layer. As an example, 
Figure 154 shows the experimental temperature as a function of time and the 
corresponding best fitting curve for one pixel. The heat transfer equation for the 
two-layer TBC material is solved by a numerical procedure and the numerical 
solutions are then fitted with the experimental data at each pixel by least-square 
minimization to determine the two unknown parameters. This data fitting process 
is automated for all pixels within the thermal images and the final results are 
presented as images of the predicted TBC thermal conductivity and heat capacity.  
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Figure 154 - Front-surface temperature vs. time in bi-logarithmic scale for thermal 
conductivity evaluation, where the dots represent experimental data and the continuous 
line shows the best fitting curve 
The strain-compliant microstructure of EB-PVD TBCs, which consists in a network 
of vertical columns, allows this deposition technique to better accommodate the 
strains caused by the thermal expansion coefficient mismatch between the metal 
substrate and the ceramic top coat, when compared to APS TBCs. Therefore, the 
thermal and mechanical properties of EB-PVD top coats show a considerable in-
plane and in-depth anisotropy. So besides determining the in-depth thermal 
conductivity, it is also worth studying the evolution of in-plane thermal 
conductivity in the cyclic lifetime of TBCs. 
The basic equation that governs the flow of heat in anisotropic conditions is (371): 
𝑞 = −𝛬 ∙ ∇𝑇 
Equation 75 
𝑞 = �𝑞x,𝑞y, 𝑞z�: heat flux vector 
𝑇 = �𝑇x,𝑇y,𝑇z�: temperature 
∇𝑇: temperature gradient 
𝛬: thermal conductivity tensor, which is independent on the position 
The TBC sample is heated on the front surface by a pulsed spot with spatial shape 
given by the Gaussian distribution function. In this case, the surface solution of the 
thermal problem, assuming negligible heat exchange with the environment, is 
given by (371): 
𝑇(𝑥,𝑦, 0, 𝑡) = 2𝑄0
𝜋
exp �−𝑥2 + 𝑦2
𝜎t
2 �
𝜎t
2 �
1
𝜌 ∙ 𝐶p ∙ 𝐿
�1 + 2� exp �−𝑛2𝜋2𝛼n𝑡
𝐿2
�
∞
n=1
�� 
Equation 76 
𝐿: ceramic layer thickness  
𝛼p: in-plane thermal diffusivity (along 𝑥 and 𝑦) 
𝛼n: in-depth thermal diffusivity (along 𝑧) 
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(𝑥,𝑦, 𝑧): spatial coordinates 
𝑡: time  
𝜎t: standard deviation 
𝑄0: energy 
where the time dependent standard deviation of the Gaussian function is given by: 
𝜎t = �𝑅02 + 8𝛼p𝑡 
Equation 77 
𝑅0: radius of the Gaussian (the radius is defined as the distance from the center 
where the value is 1 𝑒⁄ ). 
The time-dependent front-surface temperature equation is given by the product of 
two blocks: the block inside the square brackets depends only on the in-depth 
thermal diffusivity 𝛼n, while the block on the left of the square brackets depends 
only on the in-plane thermal diffusivity 𝛼p and on the space variables 𝑥 and 𝑦. As 
the in-depth thermal diffusivity has been previously determined, the time 
dependent standard deviation of the Gaussian function can be easily obtained for 
each pixel of the thermal image. Its squared value depends linearly on time with a 
slope proportional to the in-plane diffusivity (see Figure 155). By the knowledge of 
specific heat 𝐶p and density 𝜌, the in-plane thermal conductivity is readily 
determined for all pixels within the thermal image. 
 
Figure 155 - Experimental Gaussian spot widening parameter σ2 as a function of time and 
the corresponding best fitting line 
6.3.  Experimental Results 
The in-depth and the in-plane thermal conductivities were measured in air at room 
temperature using the one-sided thermal imaging apparatus (see Figure 156). In 
the experimental set up, the centre of the front surface of each sample was heated 
by using a spatial Gaussian shaped (radius 5 mm) light beam emitted by a 
continuous 1000 W Xe lamp. To obtain a sufficiently short heating shot, a 
mechanical shutter was positioned along the optical path. A wide metallic screen 
with a hole in the middle (where the shutter is located) was positioned in front of 
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the sample to avoid superimposing to the signal a continuous noise coming from 
the outer part of the light beam. To obtain the desired size of the light spot on the 
sample surface, a lens has been positioned after the shutter. A snapshot focal plane 
array IR Jade II LW camera sensitive in the range 7-10 μm was used to monitor 
the temperature transient of the front sample surface for 8 s. The frame rate of the 
IR camera was fixed equal to 500 Hz. Apart from the first few ms after the heating 
pulse, typical temperature increases on the sample front face are lower than 10 ºC 
during the experiment, making possible the assumption of constant thermal 
properties of TBC. Owing to the TBC translucency, prior to evaluating the thermal 
diffusivity, a thin layer (< 10 μm) of graphite was painted on the front sample 
surface to make the TBC front face opaque to the Xe lamp radiation (350-1100 nm) 
and to IR camera sensitivity range. 
 
Figure 156 - A schematic of the one-sided thermal imaging experimental set-up 
The acquisition of the sequence of IR images for each specimen allows the 
measurement of surface temperature change as the heat travels through the 
sample after the stimulation flash. Therefore, using the mathematical procedure 
outlined before for every image in the sequence, the tomographic image of the 
thermal conductivity for the entire sample can be constructed. Regions where 
delamination has occurred will have a lower conductivity compared to the rest of 
the layer.  
Figure 157 shows the in-depth thermal conductivity results for the ceramic layer, 
while Figure 158 shows the difference in in-depth thermal conductivity between 
the ceramic top layer and the substrate, and Figure 159 shows the evolution of the 
in-depth thermal conductivity along the thickness of the samples. 
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Figure 157 - In-depth thermal conductivity of the ceramic layer for four TBC samples after 
exposure to 0, 100, 150 and 200 cycles (dark areas = low conductivity; bright areas = high 
conductivity) 
 
Figure 158 - Variation of the in-depth thermal conductivity between the ceramic top layer 
and the substrate, with the smoothed image obtained using an algorithm that levels the 
surface features and flash non-uniformity (black areas = air/delamination; dark areas = 
low conductivity; bright areas = high conductivity) 
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Figure 159 - Cross-sectional image of the in-depth thermal conductivity for two TBC 
samples (black areas = air/delamination; dark areas = low conductivity; bright areas = high 
conductivity) 
The thermal images demonstrate that for the 200-cycle sample the delaminated 
area (dark region) is twice bigger than what is observed on the optical photograph. 
They also identify small delaminations in the 150-cycle sample, which cannot be 
detected using the optical images. This confirms the usefulness of this technique to 
detect non-destructively the extent of the delaminated areas. 
Figure 160 depicts the curves of the calculated in-depth and in-plane thermal 
conductivity versus thermal cycling for the YSZ ceramic top coats at ambient 
temperature. The thermal conductivity first increased with thermal cycling. This 
trend is caused by sintering due to high temperature exposure. However, as the 
thermal cycling progresses horizontal and vertical microcracks start to develop in 
the coating, which consequently reduces both the in-depth and in-plane thermal 
conductivity. The columnar microstructure of the EB-PVD ceramic coating 
contributes to the smaller value of the in-plane thermal conductivity compared 
with the in-depth conductivity for all samples. 
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Figure 160 - Measured thermal conductivity vs. thermal cycling for the YSZ ceramic top 
coats 
The results also demonstrate that both in-plane and in-depth thermal conductivity 
can be potentially used as parameters that are capable of monitoring the evolution 
of damage within a thermal barrier coating system. As TBCs come close to the end 
of life, the thermal conductivity of the YSZ starts to decrease due to the generation 
of microcracks in the coating. So, by monitoring these parameters it is possible to 
evaluate when a TBC coated component is approaching its lifetime. 
6.4.  Neural Network 
Thermal conductivity is the physical property mostly affected by sintering and 
crack nucleation and propagation. Therefore, since thermal conductivity of TBCs is 
influenced by the progressive cracking inside TBCs close to the BC/TBC interface, 
some indications about the degree of damage at the interface can be obtained by 
measuring the thermal conductivity of TBCs during ageing (real components 
measurements can be carried out during gas turbine maintenance). In fact, if the 
experimental variations of the in-depth and in-plane thermal conductivity vs. the 
number of cycles are combined using a neural network, the remaining life of the 
TBC can be roughly estimated, as described hereinafter. 
The proposed methodology for predicting remaining life is centered on an artificial 
neural network (ANN) which is a technique based on database training to calculate 
property-parameter evolutions. The models derived from it have been proved to be 
an efficient predictive concept applied to material science problems (372). 
Experimental sets are required to train the ANN in order to understand the 
property-parameter correlations. To achieve this an algorithm is used to build the 
database considering the input-output couples from the experimental results in 
order to optimize the weight population values for each property input, so that the 
correct parameter output can be obtained. 
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In the present work the input vector of properties are the measured in-plane and 
in-depth thermal conductivity and the output vector is the remaining life fraction 
at certain time points of measurements. The objective of training the network is to 
match the outputs of the network (the estimated remaining life fraction) with the 
target (the real remaining lifetime for the samples at certain time points of 
measurements). After training the network, a mathematical algorithm is obtained, 
so that the user just needs to input the measurement data for the test sample (in-
plane and in-depth thermal conductivity) and the ANN model automatically 
predicts the remaining lifetime of that particular sample. Because different 
samples have different life spans, it is important to train the neural network with 
as much samples as possible in order to significantly improve the accuracy of the 
predictions. The ANN was implemented using the commercial software NeuroXL, 
which is neural network software add-in for Microsoft Excel. 
To demonstrate the viability of this approach as a diagnostic tool for thermal 
barrier coated parts, measurements were performed on another type of TBC 
system based on a β-NiPtAl bond coat (see Figure 161) and the results are plotted 
in Figure 162. The input data used to train the neural network is summarized in 
Figure 160. 
In spite of the reduced number of sample to train the neural network and the 
different nature of the test sample bond coat, the neural network was capable of 
successfully predicting the remaining life of the TBC system. For the three 
different TBC remaining life stages tested in this study, the average percentage 
error between the estimated and accepted remaining life of the TBC system was 
~9% and the maximum error was only 10%. This data suggests that even with few 
samples to train the neural network, this approach is robust enough to quantify the 
remaining life of thermal barrier coatings. 
 
Figure 161 – Sample with a β-NiPtAl bond coat used carried out a test run on the 
previously trained neural network in order to estimate its remaining life 
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Figure 162 - The relative error in estimating the remaining life vs. the TBC accepted 
remaining life fraction 
6.5.  Multi-Sensor Non-Destructive Procedure  
A reliable non-destructive procedure for the early detection and quantitative 
estimation of the remaining life on serviceable turbine parts (independently from 
the type of TBC system used and the engine operating conditions) has so far not 
been available. The results reported in this study using photoluminescence piezo-
spectroscopy (PLPS) and one-sided thermal imaging demonstrate the potential for 
both techniques to be used in an industrial setting. Therefore, the following multi-
sensor non-destructive procedure is proposed, which combines the strengths of 
laser- and imaging-based techniques: 
1. Utilize the one-sided thermal imaging technique to obtain a thermal image 
of the coating surface and to calculate the average thermal conductivity of 
the TBC for several stages of the component spent life; 
2. Obtain the history of the in-plane and out-of-plane thermal conductivity for 
a number of TBC samples as a function of the accepted remaining life; 
3. Use this data as input to train a neural network that will output the 
estimated remaining life fraction of any real turbine part; 
4. Probe all the hot spots identified in the thermal image with PLPS in order 
to have a high-resolution assessment of the TBC integrity on those 
particular points, by calculating the local damage factor outlined in the 
previous chapter. 
6.6.  Conclusions 
The determination of the remaining life of TBC systems is an important step in 
achieving a high level of structural integrity in advanced gas turbines. 
The one-sided thermal imaging method was tested for non-destructive inspection 
and monitoring of TBC condition during service. This technique allows the 
determination of the evolution of the TBC thermal conductivity as a function of 
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thermal cycling. The variation of this critical thermal property can be linked to the 
lifetime of a TBC system and a good knowledge of it is essential for the assessment 
of the remaining coating life. 
In addition, combining photoluminescence piezo-spectroscopy with imaging-based 
non-destructive evaluation methods enables one to elucidate the integrity of a 
particular hot spot identified in the thermal images.  
These preliminary results indicate that the original combination of laser- and 
imaging-based techniques proposed in this investigation to form an integrated 
multi-sensor diagnostics tool enables a successful quantitative and qualitative 
estimation of TBC lifetime. 
6.7.  Future Work 
Further study is required to obtain a more accurate neural network, so that the 
proposed system can be effectively used to non-destructively evaluate the effect of 
damage and predict the remaining life of TBCs. Using other sophisticated 
techniques will be a significant exploration in future investigations, so that a more 
complete neural network can be realized: 
 Impedance Spectroscopy (IS) is able to detect TGO growth, TBC sintering 
and crack nucleation close to the BC/TBC interface, but both the deposition 
of a Pt electrode on the top TBC surface and access to the metallic rear face 
are required to close the electrical circuit. Moreover, no direct quantitative 
correlation between the idealized model circuit and the TBC micro-
structural parameters (TGO thickness, porosity content, percentage of 
cracked interface, etc.) has yet been successfully proposed (373). 
 Acoustic Emission (AE) is commonly used to investigate fracture behavior 
by AE event duration, ringdown count, energy and amplitude as well as 
frequency spectrum analysis, and correlate AE responses to crack sources 
generated by the degradation mechanism of the TBCs. Therefore, the 
quantitative AE analysis has shown a good potential in distinguishing crack 
modes and determining crack location by using an advanced AE monitoring 
system to evaluate and process the AE signals (374). 
 Eddy Current (EC) testing is based on the principles of electromagnetic 
induction and is sensitive to electrical conduction and magnetic 
permeability of conductive materials. The EC technique does not require  
direct electrical contact; rather a coil is adjacent to the part being inspected. 
An alternating electrical current is applied to the coil to induce an EC in the 
test medium. This induced current in turn creates a secondary field that is 
picked up by the coil and displayed in the form of an impedance plane 
diagram. Figure 163 presents the EC test principles and an EC impedance 
plane (the horizontal axis is resistance and the vertical axis is inductive 
reactance). The response of the probe alone (air point) is considered as the 
zero point, and changes in the position of this point when the probe is placed 
on the test material are measured in terms of its distance to the zero point 
(amplitude) and its angle with respect to the horizontal axis (phase), as 
shown in Figure 164. The ceramic zirconia is non-conductive and non-
magnetic and therefore it behaves like an air gap between the EC probe and 
the metallic bond coat, creating a probe lift-off effect. Because the zirconia 
thickness is the same, the lift-off remains unchanged and therefore its 
influence on the signal also remains unchanged. The bond coat is 
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conductive, but with the formation and growth of the TGO, its 
electromagnetic characteristics change. Tests have shown that severely 
oxidized bond coats are more magnetic, which is reflected in an increase of 
the EC phase angle. Thus, simple EC phase angle measurements appear to 
have the potential to detect the formation and growth of the TGO during the 
TBC life (375). 
 
 
Figure 163 - EC test configuration and impedance plane diagram 
  
Figure 164 - Schematic of the electromagnetic equations used in EC testing 
showing the change in impedance between a TBC with a thin TGO (1) and a thick 
TGO (2) 
In addition, studies addressing more challenging estimation problems, such as the 
non-destructive estimation of crack dimensions, will be performed. 
The deposition of coatings on complex geometries can cause variability in coating 
characteristics, such as thickness and morphology, over the surface of the part 
(Figure 165). Since the local morphology is dependent on the local deposition 
conditions, one way to infer changes in morphology is by looking for spatial 
variation of thermal properties. Therefore, it would be interesting to make a 
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quantitative survey of the coating thermal properties over the surface of a turbine 
blade (either intact or sectioned) and, at the same time, evaluate the quality of the 
proposed non-destructive system to monitor and predict the remaining coating life. 
 
Figure 165 - Turbine blade with important areas of thermal property measurement 
highlighted 
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Chapter 7: Conclusions 
In the industry, achieving higher efficiency for gas turbines and aircraft engines 
has always been an important research area. Higher efficiency requires the gas 
turbines to operate at higher temperatures. Such high heat input, however, 
weakens the metallic, mostly superalloys, structure of the gas turbine. Ceramic 
thermal barrier coatings (TBC) are, therefore, widely used as insulation protecting 
the underlying metallic structure of a gas turbine blade. Each 25 μm of TBC 
thickness reduces the temperature of the blades by 17-33 ºC (376). Advanced 
engines, in the foreseeable future, may be expected to rely even more heavily on 
these coatings. 
Despite unique advantages, cracks and interfacial debonding of the ceramics 
coatings are the undesirable problems associated with TBCs. This is primarily due 
to the fact that ceramics and metal have very different properties. The high degree 
of brittleness combined with low thermal expansion and thermal conductivity 
render TBCs highly susceptible to the generation of thermal stresses of high 
magnitude. 
The development of a prime-reliant TBC system, where life expectancy of the 
coating system does not govern that of the turbine blade, has yet to be achieved due 
to intrinsic variability of the deposited material and external environmental factors 
such as oxidation thermal cycling, erosion and foreign object damage premature, 
which lead to premature failure of the ceramic top coat. Therefore, for the TBC to 
play the role of prime reliance, it will be necessary to advance design engineering 
to improve coating performance, process engineering to reduce part-to-part coating 
variability, and coating life prediction to provide confidence during operation. 
Achieving this is a non-trivial task that continues to confound academic and 
industrial researchers. 
The prime objective of this study was to understand the main deformation 
mechanisms that are responsible for the non-linear high-temperature behaviour of 
thermal barrier coatings and provide valuable insights about predicting its failure 
in order to yield crucial recommendations for assessing the lifetime and enhancing 
the functional performance of TBCs. 
The research conducted in this work it is the first to recognize the following 
conclusions: 
 The material properties of all the TBC layers significantly change with 
temperature and time in a turbine environment. This evolution cannot be 
ignored during assessment of TBC high temperature behavior; 
 Finite element modeling provides a convenient way to identify the optimal 
design parameters that maximize TBC service life by using the proposed 
sensitivity index formulation; 
 The combination of photoluminescence spectral shape and peak shift 
through the proposed local damage factor parameter allows the non-
destructive detection of crack nucleation and propagation; 
 218 
 The proposed multi-sensor diagnostics procedure that integrates 
photoluminescence piezo-spectroscopy with imaging-based non-destructive 
evaluation methods enables an accurate assessment of remaining TBC life. 
It is believed that the results presented in this study constitute a worthwhile 
endeavour on establishing enhanced procedures for coating design and life 
prediction through advanced analysis and measurement tools. The proposed 
scientific concepts can be readily applied in a TBC environment with concomitant 
benefits for both coating performance and reliability. 
Follow-up studies should focus on validating the insights obtained from the 
present study on real turbine blades, both in an academic and industrial setting. 
As shown in Figure 166 the surfaces on a blade are generally not flat, having either 
concave or convex curvatures. These curvatures are expected to give rise to more 
complicated effects that have to be incorporated in forthcoming research projects. 
 
Figure 166 - Optical images of C1 blades after operation: (a) pressure side, (b) suction side 
(377) 
Other research opportunities arise from a more integrated simulation strategy 
across several time and length scales in order to fully contemplate and examine the 
multiple interdependent intrinsic and extrinsic variables that critically contribute 
to the behaviour of thermal barrier coating systems.   
Together, these studies will shed light into the overall reliability of the thermal 
barrier coating technology particularly in complex applications such as aero 
engines and stationary gas turbines for power generation. 
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